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ABSTRACT

This study develops a preconceptual design foirtiegration between a largeale hightemperature
electrolysis facilityand anuclear power plant (NPPywo hydrogerfacility sizes are considered: 180N ,omand
500MWmpmwWher e the subscript @A no miighteraperatureselettrolysis facdity n o mi n e
(HTEF). Both stearrsupply designs use celdheat steam extractidrom the turbine systerms a heat sourcé
brief comparison is also included fadeam spply from main steanin all cases, aboiler inside the protected
area of the power plant transfers steam heat to the demineralized water suppHidEEhéfter the heat
transfer, the extracted steam condenses and returns to the condenser widleesegieam routes out of the
protected area tihe HTEF. Electrical power is tapped off from the higbltage side of thgenerator stepp
(GSU) transformer, where it is then transported via al@43ransmission line to thdTEF. Circuit breakers and
disconnects are located at both ends of the transmission lined@#teptransformers and miscellaneous
switchgear/buses are located at the end of the transmission line inside the HTEF boundary.

Computer modeling was performed fmththermal and electri¢@esignsThe steadystate parameters for
thermalpowerextraction from the turbine cyclgere determined usinr@eEPSE whichis a softwargrogram for
analyzingthe steadystate thermatycle performance of electrigenerating plants'hese parameters veeused to
inform transients and size equipment in combination with Applied Flow Technology (AFT) Arrow and AFT
Fathom modeling for steam and water piping, respectively. Electrical transients were analyzed using PSCAD
software An electricaltransient analyzer programodel was used to evaluate power flow and short circuit,
which enabled the sizing of transformers and protective equipment.

A cost estimate was developed for both integration desigmdantseparation distances of 250 and 500
From these estimates, tbembinedmodifications for thermal and electrical interfacing of a fose-kind
nuclearintegrated hydrogen facility are anticipated to cost betweer258kWhom On a thermabowerbasis,
the thermal power has astimatedost of approximately MW hy, for a 500MW nom HTEF located 500n away
from the NPP. That value decreases to approxima&BNW h, for a 250m separation distance between the
HTEF and the NPP. This value is lower than previous estimates of the dastafxtracted from NPPs primarily
because in this work the steam is extracted from cold reheat instieachdie main steam line, which reduces
the cost of the dispatched steam by approximately $3.5iMWhese estimates indicatee cost of heat
contiibutes $0.06 for each kg of product hydrogeoduced byan integrated PWR/HTEF systarsing this
design.

Nuclear steam extraction can provide a profit avenue for many plants and is not restricted to hydrogen
production. Ammonia production, aifining, and paper production, among other industrial processesquire
thermal energy, which can be provided by NPPs. Future work should look further at the details of thermal
extraction for a variety of use cases. This can include increaseddéeatsaction and multiple simultaneous
users. Additionally, sitspecific studies should be performed to develop industry experience and improve cost
accuracy

vi



EXECUTIVE SUMMARY

Background

The United States and countries around the world are seekieduce dependence on fossil fuels to achieve
climate goals and ensure national energy securjcyPand economic incentivés reduce fossifuel
consumption has led to a steady build out of intermitiémd and solar energyesulting inexcesslean
generatiorduring some daily hours and deficits of clean energy during other hours. Additional sources-of clean
energy storage or energgnerabn flexibility are needed to balance daily, weekly, and monthly supply and
demand of clean energyheoverlappng impact of the dominant cleagenerating sourcgsariablerenewables
andbaseloaduclear powegrexacerbates this challendering daily supplyanddemand cycles.

Nuclearpowerhas significant neaterm potential ta¢hangets longstandingpperationamodelby shifting
productionoutput away fronelectrical generation wheenewable generation can meet grid demand. During
these times, nuclear facilities can flexibly produce-tima¢ usable ostorablecleanelectrical and thermal power
to assist irdecarboniing, not only the power gridobut alsoindusty and transportatiorSpecifically, producing
hydrogenby water electrolysifas thepotential to favorably influence all these sectors as a storage medium and
energy carrier for excessriablecarbonfree generation

Selection of the Hydrogen Production Technolog vy

Promising technologies to produce clean hydrogen from water can be divided into electrochemical and
electrothermal processes. Leading electrochemical processes include gtkatioreexchange membrane (PEM)
and solidoxide electrolysisell (SOEC) system4& eadingthermahemical processes include the sodioxygen
hydrogen (NeD-H) cycle, coppechlorine (CuCl) cycle, and sulfuiodine (Sl1) cycle. Thermochemical cycles
typically havehigh operating temperatures and require heat input at temperatures well above the operating
temperature opressurized water reactoRWR9, sovery hightemperature reactor¥TRs) with outlet
temperatures hotter than 650°C are preterre

SOEC systems, also known as htgmperature steam electrolysis (HTSE) systerss high temperature
rather than preciousetal catalysts to split water molecules. HTSE technology is less madaralkaline and
PEM technologies; however, multiple companies have announced facilities that can produce HTSE systems at
scales greater than 580N pc/yr. HTSE systems need power in the formslioéct currentDC) electrical power
and heat at approximatelyp0°C(302°F) to produce saturated steam. Using nuclear heat to generate steam for the
HTSE process increases the efficiency of the process. The specific ebrudribermaknergy requirements for
HTSE have been reported as 36/8hs/kg-Hzand 6.4kWhy/kg-H2, respectivelyas simmarizedn Table S1.
The projected electrispecific energy consumption is well aligned with a value of BWW/kg-H> measured at
Idaho National LaboratorffNL) using a 10&kW Bloom Energy SOEC systers shown in Table 8 below,
extracting heat from a nuclear power plant, reduces the electricity that the plant geDispteshing6.4 kWh
from aPWRreduceselectricity energygeneratiorby approximately 8 kWhe, so the effective potential hydrogen
production efficiency odin HTSE system using power from a PWR is approxim@@& kWhs/kg-H., as
indicated by the numbers in parenthesis in TableMote that the higher heating value of hydrogen is 39.4
kWh/kg, sothe effective efficiency cAnHTSE systentoupled to a PWHks 102%because the PWR provides
6.4 kWhw/kg-H> while only losing 14 kWh, of electricity generation per kilogram of product H

Similar to PEM systems, HTSE systems show promising capabilities to flex their power consumption and
hydrogen production over a time scale of seconds to minutes to allow coupled nuclear plants flexibility in
dispatching power eithéo the power grid or tlhydrogen production.

In comparing the merits of using PWRs to provide power for leading electrochemicakplitarg
technologies, it is helpful to compare the power requirements in terms of thermal power. Approximating the
conversion efficiency of carerting nuclear heat to electrical power by a PWR to be 33%, specific thermal energy
requirements of alkaline, PEM, and BH systems are estimated to 61230, 158, and 118 Whw/kg-H.. The
benefit of integrating HTSE hydrogen production with nucleargyasrapparent. Compared to PEM electrolysis,
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HTSE systems using nuclear power panduce 33% more hydrogen for the same nuclear thermal pbinger
final column of Tables-1 indicates potential benefits of using heat from Heghperature reactors faydrogen
production. Additional details can be found in Secficgh2 For HTSE, the improvements in hydrogen
production efficiency are caused exclusively by tighér efficiency of converting nuclear heat to electricity.

TableS-1. Efficiencies of leading hydrogen production technologies for the tegar time horizon.

Hydrogen Totgl system Total gystem hermal | PWR input tohermal VHTR input 'Ehermal
production electricity input powerinput powehva( @ .| poweinhva( 40).
technology kWhokg-H> kWhw/kg-H> kWhi/kg-H2 kWhi/kg-H>

Alkaline 54i 70 0 1647 230 1171165

(nearterm)

PEM (neasterm) 52 0 158 113

HTSE

(nearterm) 37(384) 6.4 (0) 118 86

Na-O-H cycleét 20(37) 40(0) 111° 83

Hybrid S| cycle? 17 53 Not applicable 91

a Future projection for miderm time horizon
b Assumeghe temperature of half of the heat load (20 k¥Kb-H>) is raised fron290°C to ~500°C by afutureadvanced
high-temperature heat pump with coefficient of performasfc2 Theassumd heat pump may or may not kealized

Selection of a Representative Nuclear Power Plant

As of the end of 20288 of the 92 commercially operable Uriclear power planiNPP unitswere PWRs.
With such a significant portion of the NPP fleet employing this design, it is an appropriate choice for use as the
representative reference plant for the preconceptual désiglitionally, the use of nonradioactive steamhe
secondary system of a PWkakesPWRsthe logical choice for an initial feasibility study. It is noted that a
boiling-water reactor (BWR) will require additional design considerations diletpresencef radioactive
steanthroughout the tdrine cycle AlthoughBWRs arenot considered in thfeasibility study aconceptual
design for dispatching heat from a BWR for hydrogen production will be deveilopatire work

The most common type of PWRtheU.S.is a Westinghousé-loop PWR, of which there are 26 units
operating as of the end of 2022. Westinghouse also des?goneg and3-loop PWRs, of which there afere
units and 15 units operating, respectively, for a total of 46 operating Westindhie Thus, Westinghouse
PWRs represent 75% of all operating PWRs in the U.S. (46/68 = 75%). The fundamental designs of
Westinghouse PWRs are sufficiently similauch that 4-loop PWR isgenerallyrepresentative d-loopand
3-loop PWRsas long ashe different reactor scaleseproperly accounted for. Considering thabop
Westinghouse PWRs are the most common, tifpe modehas been selected for this study.

Summary of the High-Level Integration Design

This report is based primarily on a ppaceptual design report prepared by Sargediundy (S&L)[19]
with input from INL The4-loop PWRis assumed to have a generating capacity of approximagglQ MW..
Steam is extracted from the PWR using one or more new connections in the crossundehéed)giping
between the higipressure (HP) turbine and the moistagparator reheaters (MSRA)brief comparison is also
included for seam supply fronmain steamThis report considers two largeale hydrogesproduction facilities,
with nominal ratings of 100 and 500W nom, respectively. Detailed information for both designs is in the
preconceptual design report prepared by S&3].[TableS-2 provides the specific parameters for both designs.
The nominal rating corresponds to the DC power igpthe hightemperature electrolysis facilitydTEF) at full
hydrogen production. A 1080W,m HTEF is expected to produce as much aB%onnesof hydrogen per day,
depending upon the configuration.
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The exact amount of heat required to generate steam for hydrogen production depends on heat recuperation
and other design choices wittime plant. For the purposes of this study, typical heat input requirements are
assumed without performing detailed hedégration designs that depend umpecificHTEF configuration
thatis vendor dependent. Steam delivered to the HTEF is requiteddbleas150°C(302°F) and 50b psig.

Analyses performed for this study achieved these requirements, as summarizielt $2. Hydraulic analyses

were performed to size the piping and auxiliary equipment required to meet thermal extraction demands for the
HTEF. For purposes of the preconceptual design, minor additional thermal extraction is needed to cover various
thermal losses, inefficiencies,cddesign margins typically associated with the sizing of piping, pumps, heat
exchangers, valves, etc. As noted above, the thermal power required for hydrogen production in an HTEF is
approximately 20% of the nominal powBased ora conservatively assum&Wi, of steam marginthe

thermal power requiremenf the 200MW om HTEF is taken to b&5MT, and that of the 50MW ,om HTEF is

taken to be 10MW . Both hydrogen facilities are assumed to be located outside of the protectdulibireside

the ownercontrolled area (OCADesigns are preparddr distances of 25G00m between the PWR and both
HTEFs. Productydrogen igransported a safe distance away (e-gkrh) for HP compression and storage

Within the PWR, fping is installed to route higitemperature steafrom the crossunder pipirtg a steam
reboiler that creates steam in a tertiary loop fed from a deionized or deminevadigdsource. This steam is
provided to theHTEF for use in the HTE process. Condensed drain Biowhe secondary side of the steam
reboiler is directed to a location within the secondary loop of the plant to minimize thermal losses

The revenue meter for the NPP is assumed to be at avdliglye switchyard, adjacent to the NptBtected
area. Net metering of thd TEF may be required for cases where the revenue meter is located at the generator
terminals or in theurbinebuilding. Electrical energy, in the form afternatingcurrent (AC)power, is diverted
from the output of the main gemor to the HTEF, where most of the required powebnverted to rectifie®C
power.

Thetotal electrical loads required for hydrogen production wei@and600 MW, for the 100 and
500 MW nom designsrespectivelyincluding balancef-plant equipmentAs with thermal power, electrical losses
andinefficiencies must be considered to supply adequate power to the facility. Additional electricahmsiver
be supplied to the hydrogen facility to support plant auxiliaries and other ancillary loads. The total apparent
electricpowerrating for these te facilities comes to 140 and 600 MY¥£espectively.

TableS-2. HTEF parameters by plant size.

HTEF Size(MW non)

Paraneter Unit 100 500
Hydrogen Production Capagit U.S. tons/day 55i 58 275 290
H, Plant Electric LoadMW. MW, 105 500
H> Plant Auxiliary Loads + Margin MW, 22 50
Power Factor o 0.92 0.92
Total Electrical Power Requirements MVA 140 600
H, Plant Thermal Load MW h 20 100
Plant Thermal Losses + Margin MWin 5 5
Total Thermal Power Requirements MW 25 105
Steam Input Temperatiire °F >300 (333) >300 B33
Steam Input Presstire psig >50 (59.3) >50 (59.3)
Separation Distance from PWR m 250 & 500 m 250 & 500 m

a Conservative production capacities are shown bas@®2n values. Technology improvements over the feaxtyears

are expected to improve the yields of these plangppsoximately60 and300U.S. tons/day, respectively.
b Parameters in parenthesis indicate actual design values.




Summary of the Estimated Int egration Costs

An overview of the direct, indirect, and contingency costs for the 100 anel'BQ@n facilities are provided
below inTableS-3. A simplified analysisvasalso performed to account flass ingenerator electric power
output due to thermal power extractiimnenable estimating thempacts of thermal power extraction bydrogen
production All costs are reported in 2022 U.S. dollaxed it is assumed that electricity sales priceisstant
throughout the0-yearlifetime of the system &30/MWh (in 2022 USD)which operatewith acapacity factor
of 95% The estimadd total capital investment (TCI9r integratng the NPP hydrogen steam supply equipment
and associated electrical infrastructure for the M@0,.m designwith a 500 m separation distancelgse to
$246/kWhom, While thecorresponding00 MW ,om integratbn modifications are estimated to cost $78/k\WV
Based on these estimatése standardized cost of the 50MW nom design is approximately onethird of the
100MW nom design This reduction can be explained by the consolidation of equipment under the larger design,
reducing material and labor costs with respect to production capacity. Changing the number of piping trains,
power lines, or integration equipment (mechanicaleladtrical) for these designs will alter the capital cost of

TableS-3. Costsummary forintegrathg nuclear andhydrogenplants (2022 U.S. dollars).
Steam from | Steam from

Steam from Cold Reheat Main Steam | Electric Boiler
100MW nom 500 MW nom 500 MW nom 500 MW nom
500m 250m 250 m

separation| separation | separation
Total capital investment (TCI) for electric and thermal power couplin

Direct cost ($MM) 2 7.42 13.1 10.2 10.2 -
Indirect cost ($MM) ° 8.98 13.1 10.2 10.2 -
Contingency ($MM) 8.20 13.2 10.2 10.2 -
TCle+th (BMM) 24.6 39.0 30.6 30.6 3.0

Std. TCI per nominal HTEF

size ($/kWhom) 246 78.1 61.2 61.2 6.0

TCI for thermal power dispatch (does not include electric power coupling)

TClin (SMM) | 204 | 350 26.7 267 | 3.0
Operating costsfor thermal power dispatch
NPP power reduction (MWe) 5.3 22.4 22.4 37.9 0

20 Year lifetime operating cost

(SMM) © 26.5 112 112 189 500

Capital and operating costs for thermal powerdispatch

46.9 147 139 216 503

Std. cost of headelivery
($/MWhth)

Standardized (std.)costs associated with thermal power dispatch
Std. cost of heat delivery
($/MWhth) 14.1 8.82 8.32 13.0 30.2
Std. H2 production cost
contribution ($/kg-H2)
a Direct costs include labor, materials, subcontracts, construction equipment, and process equipment.
b Indirect costs includedditional labor, site overheads, other construction cast$ project indirects.
¢ Assumes an electricity sales price of $30/MWh

these modifications accordingly. One potential -geduction strategy is to decredbe separation distance

between the NPP and HTEF. This adjustment would decrease the length of piping and power lines, which would
have subsequent benefits, includindueed excavation and foundation costs, better efficiency (reduced thermal
and electrical losses), and potential utilization of smaller;égpensive equipment. Reducing thermal and

0.10 0.065 0.061 0.10 0.22




electrical separation by 50%, from 500 to 2B0is assumed to be phydigdeasible for some plants (additional
hazard analysis and licensing evaluation is in progress in separate work to assess overall regulatory compliance
but are not included within this studyljable S-3 shows an approximately 20% reduction in integration cost by
reducing plant separation. Additional cost details can be foundhle13in the body of the report. The

contingency budgets listed Trable S-3 are relatively large and appiimately equal to the direct costs. Large
contingency budgets are appropriate for fofse-kind installations. The contingency funds can likely be

decreased by 50% or more for subsequent installations that follow similar engineering designs.

It is helpful to compare the cost estimate3 atleS-3 with assumptions that have been made in previous
analyses with estimated costs for hydrogen production, asgunsimilar production configuration in which an
HTEF is coupled to a PWR. In the stualy Wendt, Knighton, and Boardman, [2], it was assumed that a
1,000MW,,m HTEF was coupled to an NPP at a distancekdh1The direct capital cost of the steal@livery
system from the NPP was estimated to bk Bdhillion, which is in very good agreement with the estimated cost
presented in Table-$, after accounting for differencessnale and assumed stedslivery distance.

Importantly, lowever,as shown ifmableS-3, operating costare much larger thathe capital cost of integration
for HTEFs that are 500Womand larger.

Thedominantoperating cost is the loss of PWR elecpriaveroutput due to thenal power dispatch to the
HTEF. Asindicated inTableS-3, the PWR electripower output decreases by B3V and 22.AMW,,
respectivelyfor the 100-MW nom and 500MW ,om HTEF cases. These values are lower than estimated in the
previous hydrogen productierost study [2] because extracting steam from cold reheat in the PWR has less
impact on electripower production than removing steam from the main steam ligessasned in the previous
work. The previous work assumed that reduction in elegtneer production was equal to the therpalver
delivery to the HTEF divided by the thermalelectric conversion efficiency of the PWR, which would have
corresponded to BMW. for the 200MW,om HTEF case and 35MW. for 500MWom HTEF caselmportantly,
as summarized in Append®, a PEPSE analysis was conducted for a case in which steam was extracted from the
main steam line. As noted Trable G2, extracting 10%W+, from the main steam line caused the generator
output to decrease by 3M™WBNV. This result indicates extracting steam from the main steam line causes an
additional loss of 15.MW from the generator, compared to extracting the needed steam from cold reheat.
Extracting steam from the cold reheat reduces the operating costs of the thermal power dispatch system by
approximately 40%, compared to extracting steam from the main steartine. The lowest standardized
(Std.) cost of steam supply is associated with the SMW ,om HTEF case and is$8.32/MW h,, which
exhibits a marked improvement comparedo the estimate of$11.6/MW hy from [2]. As noted in Table S,
this cost of heatontributesb0.06 for each kg of product hydrogelRor comparison, simplified costestimate
was performed for a case in which steam is provided to the HTEF using an electricTheilestimated
standardized cost of steam from an electric boiler was estimated to be great@0tlBt%,, which would
contributeapproximately $0.28 the production cost of each kg of hydrogémus, the potential savings from
thermally integrating an HTEF to a PWR is approximately$0.16/kgH..

As notedabove coss estimated in this studgrefor a firstof-a-kind installationwith largecontingency
budgetsSubsequent installations with similar designs may have substantially lower costs if contingency
costs can beeduced
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ACRONYMS

AACE Association for the Advancement of C&stgineering
AC aternatingcurrent

ACSR aluminum conductor, steel reinforced

AFT appliedflow technology

AVR automatic voltage regulator

BES bulk electric system

BIL Bipartisaninfrastructure Law

BWR boiling-waterwater reactor

CM construction management

CT currenttransformers

DAR DesignAttribute Review

DOE U.S.Department of Energy

EPC Engineering, procurement, and contractor
EPCM engineer, procure, construction management
ETAP electricattransientransient analyzer program
FAC flow-accelerated corrosio

FCV flow-control valve

HTE high-temperature steam electrolysis

G&A general and administrative

GSU generator stepip

HMI humarrmachine interface

HP high-pressure

HSS hydrogen steam supply

1&C Instrumentation and Controls

INL Idaho NationalLaboratory

LP low-pressure

LWR Light-waterreactor

LWRS Light Water Reactor Sustainability

NPP nuclearpower plant

MOD manually operated disconnect

MSR moistureseparator reheater

NERC North American Electric Reliability Corporation
NPSH net-positivesuction head
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PI

PRA
PT
PWR
RO
s&lL
SCWR
SOEC
STD
B
TNV
UFSAR
VAR

owner-controlled area

optical ground wire

process and instrumentation diagram
proportional integration
Probabilistic Risk Assessment
potential transformers
pressurizedvaterreactor

reverse 0Smosis

Sargent and.undy

super critical water reactors
Solid-oxide electrolysiscell
standardized

Turbine Building

thermoneutral voltage

updated final safety analysis report
volt-ampsreactive
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Preconceptual Designs of Coupled Power Delivery
between a 4-Loop PWR and 100i 500 MW, HTSE Plants

1. INTRODUCTION

1.1  Why Nuclear Generated Hydrogen ?

The United States and countries around the world are seeking to reduce dependence on fossil fuels to
achieve climate goals and ensure national energyigedolicy and economic incentivée reduce
fossilfuel consumption has led to a steady boildl of intermittentwvind and solar energyesulting in
excesglean generatioduring some daily hours and deficits of clean energy during other hours.
Additional sources of cleagnergy storage or energyoduction flexibility are needed to balance daily,
weekly, and monthly supply and demand of clean end@iggoverlappingmpact of the dominant clean
generating sourcdsmtermittentrenewables anbaseloaduclear poweérexacerbates this challenge
during daily supplyanddemand cycles.

Nuclearpowerhas significant neaerm potential tachangets longstandingoperational moddby
shifting generation output away framectrical generation wheenewable gegration can meet grid
demand. During these times, nuclear facilities can flexibly producgimealusable ostorableclean
energyto assist irdecarboniing, not only the power gridbut alsoindustly and transportation.
Specifically, producing ydrogenby water electrolysibas the potential to favorably influence all these
sectors as a storage medium and energy carrier for ért@ssittent carbotiree generation.

The 2022 Bipartisan Infrastructure Law (BIL), officially known as the Infrastrednvestment and
Jobs Act (IIJA) L], provides up to $8 billion to help establiggionalclearthydrogenhubs over the next
5i 6 years. This bill is key to addressing several barriers for many nuclear reactors to implement hydrogen
production.

To qualiy as clean hydrogen, the lifgycle emissions of carbon dioxide of tHeproduced must be
less than 2 k@COse per kgH2 [¥]. At least one of these hubs must use nuclear energy for some fraction of
thehydrogenproduced in a given region. The federaltairmare of up to 50% of the total project costs (up
to $1.25 billion) should make it possible to realize a favorable return on investment fof-&skind
demonstration projects.

Technical and economic assessmentsydfogenproduction byNPPsindicatethat lightwater
reactors (LWRSs) will be able to feasibly produce clbepdrogenthrough watessplitting electrolysis for
ann™-of-a-kind nucleahydrogerplant. This is based onrydrogerplant that is integrated with an
existing NPP when the price of electrolysis units is consistent with an established supply chain of
materials and fabrication yeaveryear. The BIL also intentionally includes $1 billion to help raise the
technology andommerciaiscale manufacturing readiness of electrolysis. The assumption is that several
largescale demonstration projects and the required manufacturing industries will make it possible to
expand the leading projectsriftof-a-kind economics.

The techology readiness levels of wateplitting electrolysis systems have dramatically increased in
recent yearsZ] as the global intere# clean hydrogen production and decarbonization of transportation,
industry; and other sectoiiacreases. Electrolyzed/itirogen produced by renewables and
low-temperature electrolysis is already emerging as ategarclean storednergy carrier.

a COge refers to a unit of greenhougas reductions equivalent to the impact ofCA&» a reference, the conventional process
of producinghydrogen by steam methane reforming eniitk0kg CQ: per kg B produceddepending on the process
design and accounting for li#gycle emissions associated witatural gagroduction.



1.2 Why Integrate Light -Water Reactors with H igh-Temperature
Steam Electrolysis (HTSE) Plants?

Promising technologies to producearehydrogen from water can be divided into electrochemical
and electrothermal processes. Leading electrochemical processes include alkalinexoitoge
membrane (PEM) and solmkide electrolysis, while leading electrochemical processes intdtede
sadium-oxygenhydrogen (NaO-H) cycle, coppechlorine (CuCl) cycle, and sulfuiodine (SI) cycle.

1.2.1  Electrochemical Low -Temperature Electrolysis

Alkaline electrolysis is the moeghature watesplitting process technology with multiple 100tV
systems installed and operating. It baslatively low capital cosbut current designs also have
relatively low efficiency with systerapecific energy consumption for hydrogen production in the range
of 541 70 kWh/kg-H: [3]. PEM electrolysis is a leswature technologybutis already availablat MW
andtensof MW scales. PEM electrolysis systems use rare precimgsal catalysts to achieve a
systemspecific energy consumption that is anticipated to readtWa2kg-H, by around 20254]. This
projeced specific energy consumption is slightly better than systems today achieve, as reported by a Nel
Hydrogen 1.2%W PEM system, which recently began producing hydrogen at the Nine Mile Point
Nuclear Plant owned by Constellation Energy. The scale of etbetntical watesplitting systems is
typically reported on a DC power input baster example, 4.25MW PEM system operating under
normal conditions consumes 1.8V of DC power. Constellation Energy reported thatRIEM system
at the Nine Mile Point Nuear Planproduced 56&g/hr, corresponding to a specific energy consumption
of 53.6kWh/kg-H: [5]. An advantage of PEM electrolysis is that the systems are capable of rapid
dynamic operation between approximatelya®@d100% of their ratedapacities.

1.2.2  Electrochemical High -Temperature Electrolysis

Solid-oxide electrolysizell (SOEC) systems, also knownldFSE systems, use higiemperaturg
rather than preciousmetal catalysts to split water molecules. HTSE technology is less mature than
alkaline and PEM technologies; however, multiple companies have anndaaitiids that can produce
HTSE systems at scales greater thanM@0pc per year6,7]. HTSE systemseed power in three forms:
(1) DC electrical powen(2) heat at approximately 150°C to produce saturated simaoin(3)heat at
approximately 800°C for process topping heat. The ratios of the required power inputs depend upon
specific operating conditionfn a typical operating condition, 788% of the input power is needed as
DC electrical power, 11619% of the input power is needed to produce steam at approximately 150°C, and
51 8% of the input power is needed for higimperature topping heat. Typicaltiie hightemperature
topping heat is produced using electrical heaters so that the ratio of the required electric power to thermal
power is betweefour andfive. This ratio of electrig¢o-thermal power can be achieved from a
pressurized water reactd{/R) by extracting slightly less than 10% of the steam from the primary steam
supply loop and using heat from this steam to provide the heat needed by thelBft#tough
appropriate heatxehangers.

Using nuclear heat to generate steam for the HTSE process increases the efficiency of the process
(Figurel, Figure2, and Table )1 The specific electric and thermal energy requirements for HTSE have
been reported as 36k8Vh/kg-H> and 6.4kWhw/kg-H>, respectively8]. The projected electrispecific
energy consumption is well aligned with a value of X¥Wh/kg-H», which was measured &fll using a
100kW Bloom Energy SOEGystem 9]. The thermakpecificenergy consumption @&.4 kWh/kg-H-

is readily determined fra the heat of vaporization of water and by accounting for engineering losses in
largescale system#\s shown in Table4in Section 4.3, extracting heat from a nuclear power plant,
reduces the electricity that the plant generates. DispatéidrikyVhy, from a PWR reduces electricity
energy generation by approximately kWhe, so the effective potential hydrogen production efficiency
of an HTSE system using power from a PWR is approximately 38i/kivH., as indicated by the
numbers in parenthesis in Tald. Note that the higher heating value of hydrogen is 39.4/kdy/so the



effective efficiency ofan HTSEsystemcoupled to a PWR can be as hifi% because the PWR

provides 6.&Whw/kg-H2 while only losing 14 kWhe of electricity generation per kilogram of product

H>. The benefit of integrating HTSE hydrogen production with nuclear power is apparent. Compared to
PEM electrolysis, each kilogram of hydrogen can be produced using 33% less thermal power (156
118)/118 =33%.

Similar to PEM system$JTSE systems show promising capabilitiedlex their powerconsumption
and hydrogen productioover a time scale afeconds toninutes to allowcouplednuclear plants
flexibility in dispatching power to either the power godto hydrogen production.
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Figurel. Graphical representation of heaid electricityflowing from a nucleareactorto an HTEF.

In comparing the merits of using PWRs to provide power for leading electrochemicabplittarg
technologies, it is helpful to compare the power requirements in terms of thermal power. Approximating
the conversion efficiency of converting nuclear heatlectrical powe(d; n y by a PWR to be 33%,
specific thermaknergy requirements afkaline, PEM, and HSE systems are estimated to 164230,

158, and 11&Whuw/kg-H.., as summarized ihablel.

Tablel also includes a column assuming the electricity is providedveyyahightemperature
reactor (VHTR)that can achieve a thermal power to electricitpversion efficiencyd; n y Of
approximately46%. It has been noted that heat from VHTRSs can be used to increase the efficiency of
HTSE processes becaulsié&% of the input power is needed for higimperature topping heat. In
practical applications, however, there are several factors thdikefl negate the potential increase in
efficiency from utilizing hightemperature heat. First, assumagHTR can convert thermal power to
electricity with an efficiency of6%, the potential increase in efficiency that could be gained by using
high-temperature heat insidae HTSE facility (HTEF) instead of electrical heatesgould be limited to
1/46% of 5 8% or approximately 3%. Second, transferring Higinperature gas frothe VHTR in the
HTEF and using heat from the gas in the HTEF would have unavoidable thermal losses that would further
limit the potential increase in system efficienoyless thanil2%. The reason for the high thermal losses
is that the higitemperaturéopping heat is needed locally within the hot boxes that contafB@ies.
These hot boxes contain between k@&hc and 1MW ¢ of cells and contain heat recuperators such that
in current designs, relatively letemperature steam and gases enter andhextiot boxes. Using high
temperature gas to provide the topping heat in the hot boxes would require additiontehtpghature
piping to transfer the higtemperature gas into and out of the hot boxes as well as additional heat
exchangers insider outdde the hot boxes. These additional highmperature pipes and heat exchangers
would substantially increase the system complexity, footprint, capital expense, and thermatlpoisses
that potentiabenefitswill not likely be justified.



Tablel. Efficiencies of leading hydrogen producti@thnologies for the nederm time horizon.

Total system PWR input VHTR input

Hydrogen Tote_ll system therr_nal power therme}I power ] therma}I power

production electricity input Input (hvd 0. 3 («hvad 46).

technology kWhokg-H» kWhiw'kg-H2 kWhiw'kg-H2 kWhiw/kg-H2
Alkaline (near 54i 70 0 164i 230 117 165
term)
PEM (neatterm) 52 0 158 113
HTSE (neaiterm) 37 (38.4) 6.4 (0) 118 86
Na-O-H cyclet 20 (37) 40 (0) 11P 83
Hybrid S| cycle? 17 53 Not applicable 91

a Future projection for miderm time horizon

b Assumedhe temperature of half of the heat load (20 k¥ib-H,) is raised fron290°C to ~500°C by a future
advancedigh-temperature heat pump with coefficient of performamic2 The assumed heat pump may or may
not be realized

Figure2 showsanexample cell voltage and current relationships of lamd hightemperature
electrolysis systems and illustrates an additional fab&t limits the practicality of using high
temperature topping heat from a VHTR to increase the efficiency of an HTEF. HTSE systems operate
along the solid red line shown tigure2, while low-temperature alkaline and PEM electrolysis facilities
operate along the solid blue lineow-temperature electrolysgystems must operate at cell voltages that
are greater than the water thermoneutral voltage (TNV) because that is the minimum voltage required to
split water molecules. Higtemperature electrolysis systems can operate at either above or below the
steam NV although there are strong motivating factors to operate near the steam TNV. Operating at cell
voltages below the steam TNV allows thermal power (heat) to replace some of the electrical power in the
watersplitting reaction; however, electric current drydirogenproduction rates decrease as the cell
voltage decreases. Hydrogproduction costs increase as the hydregemuction rate decreases because
the specific capitaéquipment cost increases. Operating at cell voltages above the steam TNV produces
Ohmic heating that offsets the higgmperature topping heat that must be provided to the cxilit
cells during hydrogen production.



2.00

Electric Low temp. electrolysis\
energy in;
175 | low-quality
. heat out Water TNV
=
P WL J oS SR SR | S S S| [, SIS
ol
IR TS SN S/ U -
Z 125 , .
] Electric energy in; .
o : Electric
Heatin & energy in;
1.00 wors L R ‘ ) Heat out '
e“-\c\e“ High temp. electrolysis
0.75

Electric current (A)

Figure2. Cell voltage and current relationship for low and Higimperature electrolysis.

Thepoint marked An Figure2, which corresponds to operation at the steam TNV, is the point at
which 5 8% topping heat is required, dsscribed aboveit a cell voltage and electric current slightly
higher than point A, the Ohmic heating exactly matches the required topping heat, such that inline topping
heaters or heat exchangers are not required. Thisipanarked Hn Figure2. As noted above,
increasing the cell voltage and electric current potentially decreases hydrogen production costs even
though cell efficiency is slightly lower because the system capdalpment expense decreases. A
primary objective of HTSE system manufacturers and the U.S. Department of Energy (DOE) is to
increase the durability SOEG;, so that they can sustain higherent densities and hydrogen
production rates. Using higlemperature heat from a VHTR to increase the efficiency of an HTEF is
counter to presertay goals of HTSE system manufacturers and DOE. The HTEF theomatinput
value for HTSE systems in thenéil column ofTablel assumes heat from a VHTR is only used to
produce electricityand steam at approximatelp0°Cfor the HTSE procedshe cycle topping heat is
provided using electricity)A further point regarding the informatiam Tablel is that the improved
efficiency of the termalto-electric poweiconversion efficiency of the VHTR is ntte driving
parameter for decreasing the cost of hydrogen production. As discuskedindy by Wendt, Knighton,
and Boardman?], thecostof hydrogen is affected predominantly by the cost of electricity, so NPPs that
produce electricity at the lowest cost are favored to producedsivhydrogen, regardless of their
thermatto-electric powerconversion efficiency.

1.2.3 Thermochemical -Cycle Technologies

As noted, thermochemical processes are also promising options for hydrogen production although
their technological maturity is mudbwer. Thermochemical cycles typically have operating temperatures
and require heat input at temperatures well above thatopgtemperature of PWRs. TherefovéiTRs
with outlet temperaturesotterthan 650°C arereferred 10]. Of the thermochemical cycles, the -KeH
[11] and CuClI [12,13] cycles have the potential to operate at the lovegsperaturd approximately
500°G3 while the SI cycle operates at approximately 800%3,[15]. Due to their moderate operating
temperatures and power requirements, the&ON& and CuCl cycles are compatible with receiving heat
and electricity from supercrital water reactors (SCWRSs) for hydrogen production. Coupling these cycles



to PWRs would require a chemical heat pump to upgrade the temperature of the steam, which decreases
the efficiency of the proces€).

For the NaO-H chemical process, initistudies show that the ideal exergy efficiency of the cycle is
82%, making it a potential candidate for ptoduction L1, 17]. The HTEF thermabower irput value for
the NaO-H cycle in the final column ofablel assumes that higiemperature hedtom a VHTR is used
in the thermochemical N&-H cycle therefore, the anticipated higemperature thermal input power
requirements of HTSE and MaH technologies are approximately equal80kWhu/kg-Ho. It must be
noted, however, that N@-H cycle technology is not yet mature, and its projectedadhv&y/stem
efficiency has relatively high uncertainfihe coupled SCWR GGl hybrid cycle has been studied
extensively in Canada and has been shown to have exergy effiofe2ity8% [L2]. Thehybrid SI cycle
has also been studied extensively and has a repoaegy efficiencyof 35% [18,14,15].

1.3 Why Select a 4 -Loop Westinghouse PWR as a Reference Plant to
Integrate with H TSE?

Development of a preconceptual design must begin by establishing a referente géaatibe
proposed modification@nalyzeémpacts, and approximasssigneatosts. Individual sites can then
compare the attributes of the reference platiéd specific plant to adjust the modifications described or
scale the associated costs appiadply.

A Westinghouse-bop PWR has been selected for this stidgstinghouse
PWRs represent 75% of all operating PWRs in the @68 = 75%). A 4.00p
PWR is representative tfpical Westinghouse PWRs.

As of the end of 20288 of the 92 commerclly operable U.S. NPP unitgere PWRsIn a PWR,
high-pressurdHP) water passes through the reactor core, where it is heated by thermal energy created by
nuclearfissionThi s fApri maryo water flows to a heballs exchan
feedwater in the fisecondaryo plant cycle, to creat
whichturn a generator to create electricity. This secondary tudyidke steam is not radioactive due to
its being separated from the reactor lemd within the steam generators. With such a significant portion
of the NPP fleet employing this type of design, it is an appropfadizefor use as the representative
reference plant for the preconceptual design. Additionally, the use of nonradicsieivn makes a PWR
the logical choice for an initial feasibility study. It is noted that a BWR will require additional design
considerations due to radioactive steam.

The most common type of PWR is a Westinghalik®op design of which there are 26 units
operating as of the end of 2022. Westinghouse also designeg 2nd3-loop PWRs, of which there are
5 units and 15 units operating, respectivédy,a total of 46 operating Westinghouse PWRs. Thus,
Westinghouse PWRs represent 75% of all operating PWRe U.S. (46/68 = 75%). A-Bop plant has
two steam generators and reactor coolant pumps, @lep and4-loop plants have correspondingly
increased numbers of steam generators and reactor coolant pumps. Due to the increased numbers of loops,
3- and4-loop plants have higher thermal outputs tldar2-loop plants. The rated thermal outputs gf 2
3-, and4-loop PWRs are approximately 1800, 2700, and 3900, respectively. The fundamental
designs of the plants are sufficiently similar thdtlaop PWR is representative of and3-loop PWRs if
the different reactor scales are properly accounted for. Considering tHdbtE\Westinghouse PWRs
are the most common typend that they are representative of 75% of operating PWRs in the U.S., a
4-loop Westinghouse PWR has been selected for this study.

1.4 High-Level Design Parameters

The body of thigeportand AppendiesA through J ardased primarily on a preconceptual design
report prepared by S&L with input frofL [19]. AppendixK contains recommmeations for the control
system implementation and is based on a report by Westingl#fljs€He plant is assumed to have a



generating capacity of approximately 120W., which is also reasonable for this desigreamis
extracted from the PWR usimmge or more new connections in the crossunat#d-{eheat) piping
between the HP turbine and theistureseparatiomeheatersNISR9, as shown ifrigure3. This rert
considers two largecale hydrogesroduction facilities with nominal ratingd 100 and 500W nom,
respectively. Detailed information for both designs is located in the preconedesigh reporprepared
by S&L [19]. Table2 provides the specific parameters for both desi§he.nominal rating corresponds
to the DC power input of HTEF at full hydrogen production. A M .,.m HTEF is expected to produce
as much a85i 58 MTs of hydrogen per day, depending upon the configuration.
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The exact amount of heat required by the HTEF to generate stehgufogen production depends
on heat recuperation and other design choices within the plant. For this study, typiaabirkeat
requirements are assumed without performing detailediiegration designs that depend upon the
specificHTEF configurationthatis vendor dependentteamdelivered to the HTEF is required
temperature of deast 300°F angressure of at leaS0 Ib/psig. Analyses performed for this study
achieved these requirements, as summarizédlte2. The final steam conditions supplied to th€EF
are approximately 333°F andl@#psia Hydraulic analyses were performed to size the piping and
auxiliary equipment mguired to meethermatextraction demands for the HTEF. For the preconceptual
design, minoradditional thermal extraction is needed to cover various thermal losses, inefficiencies, and
design margiatypically associated with the sizing of piping, pumpsathexchangers, valves, eAs
noted, thehermal power required fdrydrogenproduction h an HTEF is approximateB0% ofthe
nominal powerBased on these considerations, the thepoakrrequirement of the 100W nom HTEF
is taken to be 25 M{, andthat ofthe 500MW,m HTEF is taken to be 10MW. Both hydrogen
facilities are assumed to be located outside ofithictedareg but inside th€ODCA, as indicated in
Figure3. Designs are prepared for distances of 250 andrbBetween the PWR ade HTEFs. Product
hydrogen idransported a safe distance away, suchlams, for HP compression and storage

Table2. HTEF parameters by plant size.

HTEF Size

Paraneter Unit 100MW nom 500 MW nom
Hydrogen Production Capacity U.S. tons/day 55-58 275290
H, Plant Electric LoadMW. MW 105 500
H> Plant Auxiliary Loads + Margin MW, 22 50
Power Factor 0 0.92 0.92
Total Electrical Power Requiremen MVA 140 600
H, Plant Thermal Load MW 20 100
Plant Thermal Losses + Margin MW 5 5
Total Thermal Power Requirement: MW, 25 105
Steaminput Temperatufe °F >300 (333) >300 (333)
Steam Input Presstfre psig >50 (59.3) >50 (59.3)
Separation Distance from PWR m 250 & 500 m 250 & 500 m

1 Conservative production capacities are shown based on 2022 values. Technology improvementaextéewhgears are
expected to improve the yields of these plants to approximéeind O U.S. tons/day, respectively.

2 Parameters in parenthesis indicate actual design values.

Within the PWR, [ping is installed to route the higkmperature steafnom the crossunder pipirig
a steam reboiler that creates steam in a tertiary loop fed from a deionized or deminesiezesburce.
This steam is then provided to tH& EF for use in the HTE process. Condensed drain flow on the
secondary side of theestm reboiler is directed to a location within the secondary loop of the plant to
minimize thermal losses

The revenue meter for the NPP is assumed to be at adliglye switchyard, adjacent to the NPP
protectedarea. Net metering of thdTEF may be required for cases where the revenue meter is located at
the generator terminals or in thebinebuilding (TB). It is also assumed there will not be any safety
related or Class | seismic equipment insideTtBe



Transmissiorsystem voltages vary throughout the courthgsed on utility standard practices, system
loading, and area geography. Typical interconnactmtages for commercial NPPenge from 230
500KkV. It is assumed for this report thhe transmissiorsystem interconnection voltage for the
reference plant is 346/. Electrical energy, in the form afternatingcurrent (AC)power, is diverted
from the output of the main generator to the HTEF, where a majority of the required pomeveérted
to rectifiedDC power.

TheDC electrical loads required for hydrogen production wel@dhd600 MW, for the 100and
500MW om, respectivelyincluding bahinceof-plant equipmentAs withthermal power, electrical losses
and inefficiencies must be considered to supply adequate power to the facility. Additional electrical
power needs to be supplied to the hydrogen facility to support plant auxiliaries and other ancillary loads.
For the 100MWonm facility, a power factor of 0.92 was uséa combination with 10% additional power
(11 MWe) for auxiliary power and 10% additional power (#We) for themargin. Thes00 MW nom
facility used the same power factor and percent auxiliary power, but iginngaargin is covered by the
increased auxiliary power). The total apparent eleptrigerrating for these two facilities comes to 140
and600MVA , respectively



2. 100 MWnom HTEF DESIGN AND EQUIPMENT

2.1 Design
2.1.1  Description of Modification

Process steamfromhe pl ant és main steam system i s extract
in the crossunder (coleeheat) piping between the HP turbine andMi&Rs. This insulated carbesteel
steam piping includes manuablationat tap locations and an aperded flow-control valve (FCV)
before the piping routes out of the TB to the hydrogen steam supply (HSS) steam reboiler. Station
instrument air isised fortheactuation of this control valve. During a turbine trip, air supply to this valve
would stopcausing this valve to close, isolating the steam line. The process and instrumentation diagram
(P&ID) providedin Appendix Ashows the arrangement of steam extraction for the cycle. HSS
equipment, located in an outdoor area adjacent to the TB withindgtexfad area, isompmsedof a
steam reboiler, steam drum, drain receiver, drain cooler, reboiler feed pump, and deminsedéeed
storage tank, reboiler fedevel control valve, relief valves, and isolation valves. A potential layout of the
HSS equipmet is included imMppendixB. Station instrument air is routed from an available header in
the TB to supply the control valve.

A H: interfacecontrol panel, located itnémain controlroom, provides operational control of the
mechanical and electrical equipment that dispatches steam and power to the HTEF. Se2. 8ddtion
detils, including the interface with theain control roomThe H interfacecontrol panel also houses the
protective relay components. On the plant secondary side of the reboiler, stainless steel drain piping is
routed from the steam reboiler to the draineiver, the drain cooler, and finally to the meadmdenser in
the TB. An airoperated levetontrol valve is in the piping at the condenser, withrigeto the station
instrument air system and contgignal cables, which are routed from teboiler drain receiver. A
reverse osmosis (RO) system located within the HTEF boundary is required to generate the supply flow
of demineralizedvater to the steam reboiler. Higkensity polyethylene (HDPE) piping is dirdmiiried at
a suitable depth anduted from the RO system at thefdcility to the demineralizetvater storage tank
within theprotected areaf the NPP. Stainless steel piping is routed from the tank to the suction of the
reboiler feed pump. From the discharge side of the feed pungestasteel piping connects to the drain
cooler, which is followed by the steam drum and then the steam reboiler. The drain cooler serves to
preheat reboiler feedwater for hydrogen production and cool reboiler drain water headed to the
condensers. The mbf demineralizedvater, which is fed to the drain cooler, is operated by a fevel
control valve using station instrument air. Control signals are received from thelevaieransmitter
within the steam drum. Insulation and heat tracing are added ¢sexkpiping and outdoor equipment as
needed.
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Insulated carboisteel processteam piping from the reboiler is provided with a-salfitained
backpressureegulating valve before it is routed through the protected area boundary to the HTEF. Drains
and steantraps are provided to remove condensed water from the line. Reboiler chemistry is maintained
through provision of a blowdown connection that can be routed to a station drain. The ability to sample
the reboiler blowdown enables plant personnel to ensdie@aeivity has not inadvertently contaminated
the flow of steam to the HTEF. The 3kRY transmission line (kifeeder) for the biplant is tapped to the
Il i ne bet weG@ShtransfoenerKighrldage bushing and the switchyard. The transmission line
has two manually operated disconnect (MOD) switches and-&\34%rcuit breaker at the beginning of
the line. The Hfeeder is 0.%m long, with the revenue meter at the beginning of the line. Located at the
end of the line, inside of the HTEF boundang two 345kV disconnect switches, a 34% circuit
breaker, and a threginding stepdown transforméo convert the power down from 345 to 1R\3.
Medium-voltage power cables are routed from shkepdown transformeo two mediumvoltage
switchgears insielthe HTEF. These cables and switchgear are to be provided as part pfebiéti
design. The transmission line to the HTEF is protected by redundant micropreduassdine-current
differential (87L) relays. Each pair of relays communicates via-fipéic cables over the transmission
Il i ne. The NP Rransforrmediffesential netpys @ibddver the new higloltage breaker at
the H; feeder within their zone of protection. Interface with the existing plant tripping scheme of the
existing G&®J-transformer differential relays is required to be able to trip thevnidhge breaker to the
HTEF.

A conceptual site plan showing the thermal and electrical interface between the plants is provided in
AppendixB.

2.1.2  Mechanical Design
2121 Selection of NPP steam-dispatch [ocation

The heatalance diagrams included AppendixB illu strate the expected plant operating conditions
when consideringtation operation without thermal extraction and station operation with the thermal
extraction specified ifable3. The modeling accounts for 17§Qapproximately 530n) of piping, with
multiple fittings to allow a connectidinom the NPP to the HTEF. The hdatlance model also accounts
for heat loss through insulated outdoor piping.

Thepreferred location of extraction is cold reheat (i.e., downstream of the HP turbine exhaust and
upstream of the MSRs). This steaxtraction location provides sufficient thermal energy to heat cold
water to the targeted steam conditions while minimizimginfpact to both station efficiency and
transient operation (i.e., loss of supply steam to the HTEF). Steam extraction at this location also reduces
the steansupply temperature experienced by the reboiler, limiting necessary design considerations for
thatcomponent. Additional rationale for locating the stefigpatchat the cold reheat is provided in
AppendixC.
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Table3. Summary of important sigm parameters for 28\W+, extraction.

Extraction Level
Parameter Unit 0 MW, 25 MW [00)

Reactor Thermal Power MW 3659 3659 o)
Generator Output MW, 1239.6 1234.3 -5.3MW,
Main Steam Flow Mib/hr 16.28 16.28 0.00%
Cold-Reheat Flow Mib/hr 12.73 12.72 -0.05%
25 MW Thermal Extraction Flow Ib/hr 0 85,238 o)
Extracted Steam Fraction of CeRkheat Flow % 0 0.67 0.67%
Remaining Steam to MSRs Mib/hr 12.73 12.64 -0.67%
Hot-Reheat Flow Mib/hr 11.26 11.17 -0.76%
Heater Drain Forwar@emperature °F 339.7 339.0 -0.7°F
EIIZVI\:/eedwateHeater(FWH) Cascading Drain Mib/hr 139 139 -0.23%
Ilz?g\\:\;pressurel(P) FWH Cascading Drain Mib/hr 242 241 -0.41%
Heater Drain Tank Pressure psia 185.5 184.0 -1.5psi

NOTE: Cascading draiconditions are averaged. Individual feedwater heater drain lines may have higher variations in
conditions. Changes fromtd 25MW1 were calculated in Microsoft Excel. There may be slight differences due to
truncation of values when entering the valuethetable.

2122

The preferred location selected to return the condensed drain flow is at the main condenser. Returning
to the main condenser allows sufficient energy removal from the cycle steam while minimizing the
amount of steam diversion and resulting impact to the NPP. Returning to other locations at higher
temperatures (e.gheheater drain tank or a location in the feedwater system) would drive up the required
mass flow of the diverted steam to achieve the redulmermalextraction level and would result in
further impacts to the NPP.

2123

A PEPSEheatbalance model of a reference Westinghotissop PWR NPP was used to determine
the impact on the station when considering various levels of thermnat&on. As previously discussed,
the preferred location for steam extraction is cold reheat, and the preferred location for sulvateried
return is the main condenser. The targeted steam conditions at HTEF are 300°psigddpendixC
provides heabalance drawingghatshow the impact to the NPP when considering®&+ power
extraction.TableC-1 provides the station impact to significant parameters throughout the power cycle,
considering 28MW¢, power extraction.

Selection of NPP drain-return location

Thermal analysis

2124  Impacton plant hazards
These consideratons aretincluded in this report. Sdef. [18].
2125  Evaluation of plant transients

Introduction of the HTEF to the existing NPP could cause operational transients that would need to be
addressed. Specifically, the startup or shutdown of the HTEF needs to be evaluated to ensure there are no
adverse effects on the operation of the exigiiRdP. Plant response to various electrical transients and
faulted conditions is described below. PER®Etbalance diagrams (shown AppendixC) are
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developed to evahte the impact of extracting steam from the nuglearer cycle to supply thermal

energy to a reboiler unit used to preheat the process steampgovdtiction.Table3 providesa summary

of the important parameters for the- &V, extraction.Note that only parameters exhibiting some

degree of change are shown; other values, such as most system temperatures, show virtually no change
(seeAppendixC).

Table3 shows the 28/1W1, extraction from cold reheat requires 882o/hr of steam, which
corresponds to approximately 0.67% of total emldeat flow. Startup of the HTEF requires opening of
the stearnrextraction line from cold reheat to the reboiler unit. This operation diverts a very small portion,
approximately 0.67%wof the total colereheat flow and reduces the Weheat flow to the lowpressure
turbines by approximately 0.76%. These changes are not expected to cause any significant burden on
existing plant operation. Note that the main stélanwv conditions remairwvirtually unchanged, and,
therefore, the turbine contrghlve position remains unchanged. The only other important change is the
slight reduction of the main generator output, approximatel\\3, but this change represents only
approximately 0.4% ofotal generator output.

It is also noted that the extraction of steam from the cycles, as described in this report, is operationally
similar to a lowpressure turbine bypass. Plants are typically designed with approximately 25% or more
turbinebypass capality, and plant transients are already analyzed with turbine bypass that is much
greater than the level of steam extraction described.

Similarly, for the shutdown of thezbbroduction facility, the changes are insignificant and should not
cause any signifant burden on the existing plant operation.

2.1.2.6 Impacton core reactivity

The impact on core reactivity associated with extracting steam from the secondary cycle must be
assessed for any plaspecific modification as described within this report. Howevesefan the scale
of thermalpowerextraction considered for this preconceptual design (<1% of secondary mass flow), it is
expected that there will be a minimal impact on reactivity for the conditions analyzed within this design
report.

2.1.3  Electrical Design

The HTEF requires 108IW. power for the electrolysis process and approximatelyli\. for
auxiliary loads. Using a power factor of 0.92 farptant processes and a 10% margin, the total power
required by the HTEF is 14@VA. Distancebetween th¢dTEF and NPP equipment is approximately
0.5km; therefore, power is supplied from the NPP via al43ransmission line spanning the plant
separation.

2131 Selection of NPP electrical -dispatch location

The electricabhysicatlayout diagram irFigure B-7 illustrates the preferred electrical systemitie
point, which is the higlvoltage side of the NFPmain GSU transformer. The electrical feed to the HTEF
consists of a highvoltage circuit breaker, two MOD switches, and akhbhighvoltage transmission
line. For a total apparent power rating of 140 MVA, the current rating of thevalghge equipment must
be in the range of approximately 1&50A when considering a nominal transmissgystem voltage in
the range of 23®O0kV. This is well within the typidarating of available higivoltage electrical
equipment. The shedircuit rating of the higtvoltage circuit breaker should be selected to match the
design ratings of the existing electrical switchyard.
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An alternative option for the electrical systemitidocation is the generatisolated phase (isophase)
bus. This may be advantageous for NPPs with insufficient space between the GSU transformer and
transmission line deaeind structure to tap the higloltage transmission line. The major drawbacks of
comecting to the isolated phase bus are the relatively high cost of tapping the isophase bus, high short
circuit levels, and losses associated with transmitting electrical powlem@bthe generator voltage
level. The shortircuit levels at the outlet dhe NPP isophase bus are typically more thank®QQvhich
necessitates a specially designed generator circuit breaker for sufficiertishottprotection and
isolation of the Hplant feed from the NPP. Further, it is not practical to extend thbasegus 0.Em
to the HTEF. Limiting the available fault current to safe levels for transmission of electrical power via
overhead lines or underground cable would require culiraiting reactors or a transformer connected
between the isophase bus anel fikeder to the HTEF, which leads to additional capital costs and
electrical losses. Based on the challenges associated with the electiical tiee isophase bus, this
option is not investigated further in this report.

2.1.32  Electrical designand equijpment within the NPP boundary

The345kV transmission | ine wild.|l be tapped -to the |
voltage bushing and the switchyard. Thettidnsmission line routes over a transmission tower to a
345kV circuit breaker and its two MOD switches for line protection and maintenance. Potential
transformers will be installed between the MOD switch and thewighl t age br eaker for tt
revenue meters. This equipment will be in the NPP protected area or yard area, depending on available
space in the protected area. For a ptamparation distance 800m, the H transmission line will be
routed over six more transmission towers to reaetHtplant area. The line then terminates at a845
circuit breaker and associated disconnect switches and anhdieag, stepdown transformeo step the
power down from 345 to 1318/ inside the HTEF boundary. These components should be incorporated
into the HTEF design and are outside the scope of this report. The two nonsegregated buses or cables that
connect the two secondary windings to two meduatiage switchgears inside the HTEF also are part of
the K plant design and outside the scope of teport. Se€igure B-7 for the H transmission line
electricalphysical layout. The threwinding stepdown transformes rated for 34%V-delta/13.8&V-
wye/13.8kV-wye, 84/112/140MVAoil-natural, airnatural ONAN)/oil-natural, aifforced ONAF)/
ONAF, 9.5% nominal impedance-N, H-Y. The 13.8kV windings argesistance grounde®evenue
meters are installed in different locations depending on the NPP. Some NPPs locate revenue meters inside
the TB, outside after the GSU transforpmrout in the switchgrd. Therefore, the NPP and associated
grid operators should have discussions early in the process to review their agreement in relation to the
location of the connecting point of the féeder and the issues that can affect the location of ifeeH
comecting point in relation to the meters such as @&@bsformer power losses.

2133 Transmission line control and protection

The control and indication of thexldower line can be performed locally at the equipment or from the
main control roorfor the highvoltage circuit breaker. Also, the control and indication for the reboiler
pump and control and position indication of the stemmission valve associated wihe steam line can
be performed from thmain control roomThe two manually operated 34&% disconnect switches will
only have indications in thmain control roomlt is assumed that the revenue meters for the new H
transmission line will be locatedutwloors close to their associated 3&Y breaker. Protective relays
associated with the new higloltage circuit breaker to protect the pbwer line will be located in NPP
relayroom anduse plant DC power sources. The protective relays at the end thti@nissionine will
be located within the HTEF boundary. Coordination between the NPP and HTEF electrical equipment
will be required.
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2.1.34  Power requirements for hydrogen steam-supply equipment

HSS equipment located in the protected area require¥480and 125VDC to operate the reboiler
feed pump and any required auxiliary loads. The power will be supplied from\éAB0oad center and
125VDC distribution panel in the TB.

2.1.35  Switchyard arrangement and offsite power

The switchyard breaker alignment is ntieated by the addition of the new higbltage line to the
H. plantbeause the new line is protected by a new higbitage circuit breaker downstream of the tap
point, as shown in electrical singiae diagram (4pendixH). The new H power line has nampact on
the switchyard voltage, breaker alignment, generator autonatageregulator (AVR) loading, or the
status of offsitgpowervoltageregulating devices. Thezhbroduction facility is physically and electrically
separated from the offsifiwercircuits. Therefore, there is no impact to offgimversources or plant
safety loads, which are normally powered from offpit@versources.

2.1.3.6  Electrical short-circuit and load-flow /voltage -drop analysis

An electricaltransient analyzer program (ETAP) electripaiversystem model was prepared to
evaluate the powedtow and shorcircuit impacts of the HTEF electrical tie (AppendixH). The model
was developed based ormiyal electrical parameters for an NPP mainvercircuit. The ETAP model
consists of the following components:

Theveninequivalent source representation of the highiage transmission system
NPP synchronous generator

NPP main GSU transformer

0.5-km high-voltage transmission line to the HTEF

HTEF stepdown transformer

Two mediumvoltage switchgear buses for the HTEF

=A =4 =4 -4 -4 -4 -4

Lumped loads to represent the loading at the HTEF.

The stepdown transformesupplying the HTEF is specified as a thmading unit to suply
105MWeto the B plant plus additional capacity for auxiliary loads. The application of a timiading
transformer enables the use of standard 30004V6lass switchgear. Note that use of a-miading
transformer would be limited toraaximum apparent power supply rating of approximatelY@ at
13.8kV (3000Ax 13.8kV x sqrt(3 = 71.7 MVA). A short-circuit analysis was performed in ETAP to
determine estimated equipment skartuit ratings and to aid in sizing the HTEF stepdownsi@mer.
The H plantstepdown transformavas modeled as an 84/112/140MVA ONAN/ONAF/OFAF
threewinding transformer. The higholtage winding is connected in delta and the meediottage
windings connected in wye. The shoitcuit analysis model shows t& 9.5% nominal impedance
between the KX and HY windings (with £7.5% tolerance) on the ¥R/A self-cooled base of the
secondary windings allows for the use ofkd®mediumvoltage switchgear at thelglant. The ETAP
model shows that adding the hydrogeant has a negligible impact on existing NPP equipment.
Hydrogen plant loads are primarily rectifiers supplying direct current to the electrolyzers (approximately
80% of total load). Diodéased rectifiers permit current to flow only in one directibarefore theydo
not supply shottircuit current back to the power system. The only sources ofsincuit current in the
HTEF are motor loads in the auxiliary system. The amount of-shrottit current supplied by the motor
loads is negligible in congpison with the shottircuit current supplied by the higloltage transmission
system and NPP generator. THEAP model shows the HTEF contributes less tharkA.&f short
circuit current at 34%V when compared to approximately IB& from the system andpproximately
7 kA from the NPP.
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The ETAP model was also used to perform a-ft@d and voltagedrop analysis to evaluatke
sizing of electrical equipment, including the HT&#Epdown transformef he loadflow analysis shows
the 140MVA top rating ofthe K plantstepdown transformes sufficient to carry the full load of the
HTEF. The thermal load and voltage drop across théuf.Bighvoltage transmission line is not
significant. A typical transmission conductor gizeuch as a 79kcmil Drakealuminum conductor, steel
reinforced ACSR) or higher, based on common transmission practices in th@ &eacommended.

The voltagedrop analysis performed with the ETAP model shows that the hydimlgatstepdown
transformeidoes not requér an oAload tap changer if the transmission voltage is maintained within
approximately a +2.5% bandwidth. Per NOQ1, this applies to NPPs that operate per a voltage schedule
and to NPPs that require strict voltage regulation for offsite power (asstimiogfsitepowersource is
supplied from the same location in the transmission system). In this case, a staret@ided tap
changer (with taps at £5%, +2.5%, and 0%) on the-h@tage winding provides flexibility to adjust the
high-voltage windingvoltage based on the target transmissgstem operating voltage. An-twad tap
changer on the HTEStepdown transformavould provide additional flexibility for locations where the
transmission systedneperating voltage may vary over a wider rangefandbcations where the
hydrogen facility may operate while the NPP is in a refueling outage.

2.1.3.7  Protective relaying design

The electrical tign of the HTEF has a nemegligible impact on the NPP protectikelaying scheme.
The relay protection singléne diagram inAppendixH shows thalesign of theconceptual protective
relaying scheme. In this design, the existing main @&@bisformer differentiaprotection scheme is
restrained from operating for a fault on the higiitage transmission line by summiaget of bushing
currenttransformers (CTs) from the new highltage circuit breaker with the existing switchyard CTs.
This arrangement turns the transmission line to the NPP into aténneimal line. Note that this requires
careful evaluation of the esting CTs and relaying scheme to ensure that the new CTs on theoltagde
circuit breaker are properly matched (including CT ratio and accuracy class) and the scheme will function
properly. In some instances, it may be required to upgrade the exiatisiprmer or line protection
package to a microprocesdmaised relaying scheme to mitigate mismatch between the existing and new
CTs. Additionally, the trip output of the existing line and GBahsformer protection scheme should be
tied into the trip aicuit of the new higkvoltage circuit breaker protecting the line to the HTEF.

The highvoltage transmission line to the HTEF is protected by redundant microprobessar line
current differential (87L) relays. This scheme requires four redundarstuinent differential relays, two
on each end of the transmission line. Each pair of relays communicates viapfibesver the
transmissiodine optical ground wire (OPGW). Higépeed protection is required per North American
Electric Reliability Corporatin (NERC) protection requirements for bulk electric system (BES) elements
and to ensure the NPP generator remains stable should a fault oticet@msmission line. To ensure
the stability of the NPP generator during fault clearing, the total clearmgaf the lineprotection
package needs to be less than the critical clearing time identified in the transient stability analysis.
Additionally, breaker failure protection must be implemented so that the switchyard breakers or the
generator circuit breakéif the NPP is equipped with a generator circuit breaker) trip in the event of a
failure of the new higivoltage circuit breaker.

Thestepdown transformeo the HTEF is protected by redundant transforditferential relays
(87T). Overcurrent relays (Bil) are employed on the lewnltage windings for overload protection and
backup overcurrerfault protection. The redundant transformer differential relays (87T) and the
overcurrent relays are located inside the HTEF.
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It is important to note thatvith this arrangement of the protection scheme, the only additional
exposure for the NPP generator for a single failure is the very short length of conductor bus from the
electrical tap point to the new higloltage breaker. The length of this bus should be @g ahk practical
to minimize additional exposure. There is no impact on the reliability of the qffsitercircuits.

Table4 shows the required trip logic for different fault locations following the electricéh tid the
hydrogen plant.

Table4. Electricalfault-condition trip logic.

H> Breaker Failure Trip
Faut Location Initial Trip Device Device

Existing highvoltage | Existing highvoltage switchyard circuit None

line and line tap to breakers

new highvoltage Generator circuit breaker (if equipped)

circuit breaker New high-voltage circuit breaker

New highvoltage line | New highvoltage circuit breaker Existing highvoltage

toHTEF New highvoltagestepdown transformer switchyard circuit breakers
circuit breaker Generator circuit breaker (i

equipped)

HTEF transfomer New highvoltagestepdown transformer New highvoltage circuit

circuit breaker inside thdTEF breaker

2.1.3.8  Electrical -transient analysis

An electricaltransient analysis was performed to evaluate the impacts of a trip of the hydrogen plant
load onthe existing NPP generator using PSCAD software. The ETAP model is described in
Section2.1.3.60n theelectrical short circuit andloadflow/voltagedrop analysis The model consists of
the following components:

1 Arepresentation of the surrounding highlitage transmission system, including dynaimeinday
bus source to capture governor response to a loss of large load in the area

The NPP synchronous generator, including the AVR and goveomdrol models
The NPP main GSU transformer

The 0.5km highvoltage transmission line to the HTEF

The HTEFstepdowrtransformer

= =4 =4 -4 =4

Lumped loads to represent the loading at the HTEF

The PSCAD model was used to simulate a trip of the hydrptam load under both faulted and
unfaulted conditions. It is conservatively assumed that during the event, the turbine mecbamcal p
will not ramp down in response to the transjeather it will remain constant. Therefore, upon the trip of
the HTEF, the excess power from the NPP generator is injected into the transmission system. The model
shows that for a 10MW. electrical load with 10% auxiliary power and margin, the NPP generator
remains stable for both faulted and unfaulted trips of the HTEF. During an unfaulted trip of the line, the
generator exhibits a slight increase in mechanical speed (<0.02%), whotbvietl by damped
oscillations. The mechanical transient decays within 10 seconds. After the hydrogen facility load is
tripped, there is a slight increase in grid voltage (<0.5%) due to the loss of load. The gexerttton
system responds to redute ffield current and return the grid voltage back to thdrpealue. For a
faulted trip of the HTEF load, the simulations show that a threese fault on the higéoltage
transmission line must be cleared within e2onds to ensure the generatoraigm stable. For a
threephase fault on the higéoltage transmission line, cleared in 0.2 seconds, the geriemtwhanical
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speed increases by approximately 2% during the fault. After the fault is cleared, there are several
oscillations in generator spé as the mechanical transient decays within 10 seconds. The generator
excitation system responds by increasing the field current during the fault and subsequent voltage
recovery. After the voltage recovers, the excitation system restabilizes withinl seeer@dsNote that
the generator response during a faulted trip of the-hijfage transmission line is comparable to the
response expected for a fault on any other transmission line connected to theltiaigé switchyard.

Additional sensitivity analgis was performed to determine the maximum power that could be
transmitted radially from the NPP to the nearby HTEF without impacting the stability of the NPP
generator during a loss of load. The additional runs show thatthiaht load can be increased to the
maximum outpupowerrating of the generator without causing the generator to become unstable
following a trip of the higkvoltage transmission line feeding the hydrogen facility, either with or without
a fault. Note that this model is basedtgpical plant and transmissiesystem data, which may not be
representative of the available capacity for all plants. To lessen the impact on the grid during a
high-voltage line trip for larger loads (near the rating of the generator), thiaht loads ray be
accommodated by using redundant transmission linestapdown transformsrto distribute the load
across multiple circuits. Note that redundant lines should not have a common failure modeusuul as
multicircuit transmission towers.

2.1.3.9  Bulk electri c system r egulatory impacts

The highvoltage transmission line supplying the HTEF is classified as a BES element because the
line is connected to a radial system with a generator that has a gross indigichggdlate rating greater
than 25MVA and a voltag of 100kV or above. Note that the BES classification includes only the
high-voltage transmission line and excludesgtepdown transformesupplying the HTEF. The BES
classification subjects the transmission line and connected faéilgigs, circuit beakers, disconnect
switches, instrument transformers, and protective rélagssompliance with NERC Reliability
StandardsTable5 provides asummary of the applicable reliability standards. Note that the NPP is
already subjected to the following standards.
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Table5. Applicable NERC Reliability Standards.

Number Title Description
CIP-014 Physical Security Physicalsecurity of the line and switchyard mus
be maintained to mitigate a physical attack that
could result in instability of the nuclear facility.
FAC-001 | Facility Interconnection The reliability impacts of the interconnection of
Requirements thefacility must be studied to ensure no negativ
impacts on the generator
FAC-008 | Facility Ratings The highvoltage transmission facility ratings an
rating methodology must be documented and
maintained.
MOD-032 | Data for Power System Modeling | Steadystate, dynamic and shesircuit modeling
and Analysis data must be maintained and communicated w
the transmission owner.
PRGO005 | Transmission and Generation A protection system maintenance and testing
Protection System Maintenance an program shall be maintained
Testing
PRGC023 | Transmission Relay Loadability The protective relay settings shall be reviewed
ensure they do not affect line loadability.
PRGC027 | Coordination of Protections Systen| Thetransmissiodine protection shall be
for Performance During Faults coordinated with the generator and transmissio
owner. A baseline shedircuit study shall be
maintained.
TPL-001 | Transmission Systeilanning The relay protection systems shall be redundatr
Performance Requirements such that failure of a single relay system does |
impact the generator
2.1.4 Instrumentation and Controls  Design

2141 Operator -control capabilitie s

As described irBection4.1, the NPP suglies two principal components for the HTE process:
(1) cold-reheat steam from the HP turbine exhaust an842kV electrical power. NPPs are usually

loaded to 100% capacity; hee, the steam and electrical supplies to the HTEF are expected to contribute

to this total. As with any plant system, it will be important for the N&®Rrolroom operators to have
indications of the HTEF supply parameters and systamditions. This information is needed to

effectively evaluate HTEF contributions to overall NPP operation and take any necessary actions. Actions
that the operators may need to take include the ability to start and stop steam supply and electrical power

to the HTEF Additional guidance for the implementation of the control system can be found in

AppendixK.
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To facilitate HTEF operation, a dedicated set of operator controls with remote imachine
interface (HMI) will be provided. The HMI will allow forantrol, indication, and alarm of the; Hower
line and steam supply. These controls will be electrically and functionally isolated from NPP controls, but
the remote HMI will be collocated in the NRRin control roomEXxisting plant fibetoptic infrastruatire
will be used to communicate between the HMI and equipment associated,\pibkver line and steam
supply. This permits the status of the HTE process parameters to be availablectmiM&iffoom
operators to evaluate the impact of HTEF loading on bif?ation. It also allows necessary on and off
control for operators to enable or isolate the HTEF supfdsim and electrical power. Additional
indication and controls will be provided lobato the HSS equipment.

The operator should be trained in opergthe power and steam supplies from the NPP to the HTEF
using the new standalone HMI. A special procedure should be prepared for this operation.

2.1.4.2 Avallable process parameters for monitorin g

The following process parameters are expected to be availadilevioplant personnel to monitor
performance of the thermaind electricakbxtraction systems:

1 Electrical power consumption on the plant complagging system

1 Steam flow diverted from the plant on the plant computer system (for plant performancergnginee
1 HSS equipment trouble alarmrmain control room

1 Hydrogen plant trip or fire alarm main control room

2143  Response to faulted conditions

An understanding of how the plant and equipment will respond to postulated faulted conditions is
critical when movindorward with a design change to plant equipment. The following is a summary of
potential failure modes of the installed thermal and electexthction components and a brief
description of the plant and operations response to ensure that the pla@tncaimtained in a safe
condition:

1 Extractionsteam leak to reboilé Response depends on the severity and location of leak. If possible,
extractionsteam line is isolated through manual or remote closure of the steam admission valve to the
reboiler. Withot extraction steam supply 2ilant shutdown would occur. If isolation is not possible,
manual trip of the NPP would occur, similar to the response to an uadelaain steaniine leak.

1 Processsteam leak to HTE® Leak can be isolated through manual clesof processteam supply
valve leaving the reboiler. Hplant shutdown would occur. The NPP turbine generator would pick up
load, and the grid would absorb the additional load.

1 Reboiler drain valve fails closddThis should not occurecausé¢he valve isset to fail open.
However, if this event were to occur, reboiler drain level would rise in the reboiler. tigher
extraction stearsupply valve would close on hidtfigh level or an emergency dump valve would
open to the lower level.

1 Reboilerdrain valve fails opefd Level in the reboiler would drop angotentially, steam would be
passed to the condensen Automatic comparison t#velto-valve position could be implemented to
close the steam admission valve.

1 Extractionsteam supply valve fails opdnThis should not occurecausehe valve is set to fail
closed. However, if this event were to occur, the design pressupeth sides of the reboiler are
equal to or greater than the steam conditions. The amount of condensation would be controlled by
demand from the HTEF. The condensate level would be controlled by the condensate drain valves.
With normal operation of the reboiler feed supply, the plant would continue to operate normally.
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1 Extractionsteam supply valve fails clos@drhe reboiler level woul fall; the condensatérain line
would control the level by closing down. Process steam to the HTEF would cease flowing, and the H
plant would shut down. The closure of the steam line would divert the steam flow to the turbine. The
turbinesteam admissiovalve would either slightly close or the generator would produce more
power, which would be absorbed by the grid.

f Rapid trip of HTE® Steam demand from the NPP to the HTEF would cease, the level on the
hydrogenside of the reboiler would increase, andshpplywater admission valve would close in
response. This would remove cooling from the pide of the reboileland steam condensation
would decrease. The condensdtain valve would close to maintain the level until it completely
closed. The steathat would have gone to the reboiler would be available to thetessure
turbines. Either the turbine admission valve would throttle down or more power would be supplied to
the grid.

f Shortin highvoltage lind Overcurrent protection, as discussed is tieport, would trip the
hydrogen plant, and the balance of the transient would be like the rapid trip of the hydrogen plant.

1 Open in highvoltage lind An open in the higlvoltage line would trip the HTEF, and the NPP
would respond in the same manner aapad trip of the HTEF.

2.1.4.4  Design -attribute review

A strategic plan called fADelivering the Nuclear
Performance, 06 was devel oped to ensure the financi
through a partnership of U.S. nuclear utilities. The Nuclear Strategic Issues Advisory Committee created
a series of initiatives related to the Delivering the Nuclear Promise plan. One of the initiatives was
development of a standard process to streamlinerdebinges for plants through adopting a
standardized process, applying a graded approach to modifications, and alleviating some of the
administrative burden associated with the existing processes.

The DesigrOversight Working Group developattustry procedure HENG-0 0 1 , AiStandard D
Pr o c 213, which |as subsequently adopted by the industry because of this initiative. Consistent with
its statedjoals, the procedure provides a graded approach for selecting from multiple types adrangine
changes (e.g., commercial, equivalent, and design change), which streamlines the modification process.
When performing an engineering change in accordance wiNIB-001, the responsible engineer
completesa cesignattributereview (DAR), which is &eries of questions that aids in the identification of
impacteddisciplines, stakeholders, and programs. As part of the preconceptual design, a sample DAR has
been completefAppendix J. While this effort must be performed on a plaaind desigrspecificbasis
when performing a similar modification, the information is provided as an example to guide the process.
Key design attributes to consider are discussed below.

2.1.4.5 Electrical

This conceptual design covers the installation okén®f 345kV transmissionine between the
GSU transformer anthe HTEF. A 345kV high-voltage circuit breaker and two associated disconnect
switches, potential transformers (PTs), and transmidsiertower will be installed in the plant protected
area or the yard area, depending on available space around the GSU tranéfatepebwn transformer
34513.8kV, with two disconnect switchewill be installed at the end of the transmission line in the
HTEF.

f The control/indications of the 348/ circuit breaker and indication only for the breakssociated
disconnect switches for the; tansmission line are from tmeain control roomAll the required
protective relays for the Hpower line are located in the plaetayroom. The local control and
monitoring for the electrical equipment associated with thetéam line, such as a wapump, are
from themain control roomA standalone HMI for control and indications of thegdwer line and
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steam supply is available in th&in control roomusing existing fibeoptic infrastructure in the
plant to communicate between the HMI andipoent associated with hbower lineandsteam line.

1 CTs at the Hfeeder highvoltage circuit breaker will be brought back into the existing GSU
transformer differential relays to cover the new higlitage breaker within their zone of protection.
Interface with the existing plarttipping scheme of the existing GStansformer differential relays
is required.

1 Low-voltage AC power (48WAC) is supplied from the plant AC auxiliary power system to HSS
equipment for the reboiler feed pump. Also, M3C is sipplied from the plant for the higioltage
breaker control and protective relay circuits.

{1 The installation of a new power line to supply power to the HTEF has no effect on the switchyard
voltage, breaker alignment, generator AVR loading, or status ofegffsivervoltageregulating
devices.

7 Al added electrical equi pment and the towers
grounding.

1 The added power cables (488.C and 125v/DC) and CT cables in the TB should meet plant design
and materihs requirements. The added cables require

or raceway capacity.

1 The loadflow analysis demonstrates the change in the switchyard voltage due to the addition of the
105MW_.load plus auxiliaries is negligiblé&s such, there is no impact to generatolt-amps
reactive (VAR) loading, which is controlled based on switchyard voltage.

1 The switchyard breaker alignment is not impacted by the addition of the newdtigbe line to the
hydrogen planbecaus¢he new higkvoltage line is protected by a new higbltage circuit breaker
downstream of the tap point. The only additional exp$or the NPP generator and switchyard
breakers to trip for a single failure is for a fault on the very short length of the conductor bus from the
electrical tap point to the new higloltage breaker. The length of this bus work is designed as short
as pactical to minimize the additional exposure.

1 Generator electrical characteristics are a function of the synchronous machine design and construction
and are not impacted by the addition of the hydrogen production facility. The impact is comparable to
the adlition of a new line or load fed directly from the transmission switchyard.

1 The hydrogen production facility is physically and electrically separated from the offsite power feed.
Therefore, there is no impact to offsite power loading for thetpipstcemrio.

1 The loadflow analysis demonstrates the change in the switchyard voltage from the addition of the
105MW:. electrical load plus auxiliaries is negligible. Therefore, the status of offsite power voltage
regulating devices is not impacted.

2146 Instrumentati on and controls

The use of digital controls is an integral component of the proposed coupling of an HTEF to an NPP.
Standard Design ProcessEHNG-001 directs that any NPP modification that involves digital equipment
must assign a digital engineer in actaorce with Nuclear Industry Standard Process MSF)4,
fiStandard Digital Engineering Proce@sbhis procedure supplements thar®lardDesignProcesshy
addressing additional engineering activities applicable to modifications involving programmable
electonic equipment.
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1 A goal of the proposed design is to minimize the modification of existing digital controls, or the
addition of new digital components, to the NPP. This is accomplished through use of a dedicated set
of operator controls and remote HMI. TRAR process will identify and document the appropriate
design inputs and bounding technical requirements. A determination must be made to classify the
digital controls components to determine whether the requirements ofEINER apply.

1 For digital contols subject to meeting these requirements, additional engineering activities are needed
to demonstrate compliance. These additional activities are described and explained in Electric Power
Research Institute (EPRI) 30020118fBijgital Engineering Guidé.

f Adopting nuclear cybersecurity rules for those components installed at the HTEF may impose
additional costly and unnecessary requirements. Commercial cybersecurity may be used in lieu of
nuclear cybersecurity depending on component locations, digitafizatiendorprocured
instrumentation and controls (1&C), and impacts on plant safety, among other considerations.
Site-specific reviews should be conducted to determine whether hydrogen projects demand nuclear
cybersecurity requirements.

2147 Mechanical

This modification includes a range of new mechanical components that will be added to the plant,
including manual valves, check and relief valves, control valves, a heat exchanger (reboiler), a pump, a
tank, and steam traps. Inclusion of these componevtévies hydraulic considerations such as pump
sizing, available nepositive suction head (NPSH), fluid velocity, pressure drop, American Society of
Mechanical Engineers code requirements, and system design conditions (temperature and pressure).

1 Detailed @sign of the discharge piping for the reboiler feed pump should consider the potential for
vibration. Use of industry best practices, such as short vent/drain cantileverd aodkxt weld
profiles, should limit the potential for pipingbration suscejility. Postmodification testing will
validate the adequacy of the design.

1 Steam piping and drain piping installed by this modification require analysis to evaluate expected
primary and secondary pipe stress. Provisions for thermal flexibility (expdosios) will be
required in the steam piping routed to the HTEF. Nozzle reaction loads require evaluation to
vendorsupplied nozzle allowables.

1 Pipesupport design will be informed by pHpeaction loads output from stress analyses.

1 Depending on the localimate, freeze protection may be required for demineralizaer piping
when above ground and for the demineralineder storage.

1 Piping installed by this modification includes saturated steam and saturated watbegafdre jt
should be evaluatedf inclusion in the plant flovaccelerated corrosion (FAC) program. Portions of
the drains piping from the reboiler to the condenser could includ@lhase flow and should be
evaluated for potential erosion concerns.

1 The reboiler will require pressure iefl Considerations include relievirtige pressure setpoint,
relieving capacity, and code requirements.

1 Air-operated valves included in this modification are expected to use the plant instrument air system.
This impact requires evaluation to ensure thatstystem maintains adequate positive operating
margin.

1 Based on sitspecific analysis results, impacts on reactivity will require assessment due to potential
changes in final feedwater temperature and expected transient associated with a fault fatciliey H
or control failure of the steam/drains piping flow. No significant impacts are anticipated based on the
thermal analysis and transient discussions previously provided.
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Water or steamhammer effects should be considered for system transientsrasysfiem startup

(e.g., introducing steam into a cold pipe). It is noted that adequate-gigamirainage is critical with

such a long run of outdoor steam pipe. Several drain pots may be needed along the pipe route and at
low points to avoid water slugaumulation that could cause wateisteam hammer.

Provision for venting and draining piping and equipment will be required.

The design should include the ability to sample the dispatched steahganinimumthe reboiler
blowdown) to ensure that tlsteam flowing to the HTEF does not include radiological contamination.

A new condenser connection will be added with this modification. Protection of condenser internals
(e.g., tube impingement) should be considered when choosing the connection loeit®mmib
sparger design, etc. Impacts to nozzle loading on the condenser walls need to be evaluated.

2.1.4.8 Structural

1

il

Pipe supports are required for steam and drain piping, including pipe supports to route steam piping
0.5kmto the HTEF

Foundation designs arequired for HSS equipment, transformers, disconnect switches, circuit
breakers, etc

The addition of the demineralizadater tank should be evaluated as a potential flood source.

2.1.4.9 Programs

il

The piping added to the MS asdcondary drainsystem willneed to be evaluated against FAC
program criteria

The fire protection program should consider the impact of new cables and conduits on combustible
loading. Additionally, the location of the HSS equipment will require review for accessibility by the
fire brigade

The heat exchanger (steam reboailer), relief valves, check valves, apkeited valvewill need to
be added to the FAC and fikgigade program criteria.

The weldingrequired by the modification should be reviewed by the material compatamility
welding programs

The NERC program should review the impacts of the modification. The protective relays ef the H
transmission line will interface with the plant existing generator and-te@8idformer differential
relays to cover the new higloltage lbeaker within their zone of protection.

2.1.4.10 Stakeholders

Becausehe PRA model is affected by the modification, PRA is required as a stakeholder

System Engineering, Operations, Training, and Maintenance groups are required as stakeholders due
to the newequipment added to the plant

The highvoltage aspects of the modification require Industrial Safety and Transmission as
stakeholders

Site-specific design may include transmitting information to the plant computer

Security will be required as a stakeholtfterthe modification due ttheinstallation of HSS
equipment within the protected area. These items affeebfisgght and lighting in the area.

It should be noted that routing the-itR steam piping from within the station protected area to the

HTEF dbes not meet the definition of a thrénensional pathwaysdefined in NEI 0905 [21];
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thereforejt will not require a physical barrier or ingion detection. Sitepecific security input will be
used in the design of pipe routing through proteetexh fencing.

Site security may also take actions to accommodate the additional personnel and vehicles needed
onsite if theHTEF happens to be locatevithin the OCA.

The DAR provided ilAppendix J andummarized above has not identified any concerns or obstacles
beyond what would be expected for a typical nuclear modification of this magnitude. One key area of
note, however, is the consideration opimats orsecurity as a stakeholder routing electrical and
mechanical commodities across the proteetesdh boundary is not typical of general plant modifications.

2.1.4.11 Considerations of alternate designs

These considerations are tludedin this report. See Refl§)].
2.1.5  Additional Design Options and Considerations
2.1.5.1  Additional circuit breaker

An alternative option for kline protection and the minimization of a singleint vulnerability
(SPV) is the installation of two 348V circuit breakers in series to protect the hydrogen power line. This
design prevents a generator trip; if one of the-B4%reakers fails to trip and clears the line fault, the
second breaker can trip before the generator protection trips. This option depends on the protection
philosophy of the NPP and available land.

2.1.52  Shell-and-tube reboiler option

The design presented in tlsisction uses a weldgdateandframeheat exchanger as the extraction
steam reboiler. Other heat exchangers may also be used at the discretion of the plant. Discussions with
different heat exchanger vendors have revealed that a-&stideshellandtube reboiler may provide an
alternate design solution. The kettliyle design simplifies the HSS arrangement by removing the need
for an external steam drum at the expense of a larger physical footprint when compared to the welded
plateandframeheat exchager with a steam drum. The cost of this option is comparable to the welded
plateandframedesign; therefore, the option should be considered during detailed design.

In Section3.1.5.2 a kettlestyle sheHandtube reboiler is used to illustrate the feasibility of the
design implemented within tH#®0-MW om preconceptual design. The contrasting complexity and size of
thesedesigns are illustrated through the respective P&IDs and physical redrodlegements
(AppendixA).

2.1.5.3  Chrome -moly bdenum or stainless steel steam piping to H > facility

In this section, carbeasteel piping is usetb provide reboiler steam to the HTEF (rretie
Section2.2.2. Extended use of carbon steel under exggbcbnditions may increase refurbishment or
replacement frequency and couddjuire the installation of a filter before the SOECs to avoid rust
contamination. To reduce contaminants, alternative piping materials may be used. Bothrabipued
stainlesssteel piping are reasonable choices, which would reduce corrosive weaegpémse of higher
material and labor costs. All piping selections in the plant protected area should follow nuclear piping
codes and standards.

2.1.54  Net Metering in place of 100 -MWon €lectrical dispaitch

Net metering uses several revenue meters in the pdarartp measure power delivered in different
areas and on separate transmission lines. An NPP can use net metering to supply energy to the HTEF
behind the meter, avoiding the restrictions of a poorly placed revenue meter that would requite power
besuppied to the grid before it reaches the HTEF.

NPP revenue meters are installed in different locations depending on the plant. They can be located
inside TBs, on the highioltage side of the GSU transformer, or out in the switchyard. The power line for
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thehydr ogen facility supply should be tied in behi

meters are located inside the TB or immediately after the GSU transformer, net metering should be
considered.

The NPP and associated grid operators should diagassions early in the process to reach
agreement regarding the-iielocation of the connecting point of the tdeder. NPPs should consider net
metering if they have limitations connecting the hydrogen feeder before the plant existing revenue meter.

2155 Decreased separation between NPP and HTEF

The 500m separation selected for this design was based on a generic PRA, assuming a large
hydrogendetonation from a production facility approximately five times larger than thisvViMQom
design (se®ef. [19] Section3.3.2). Theras a strong likelihood that relocating the YV nom HTEF
adjacent to the NPP would be safe and would adhere to regulatory requirements, with the further addition
of barriers or protective measures as needed. Decreasing the separation between the NPP and HTEF
provides one costaving strategy since thernmping and electrical transmission costs are reduced.
Based on expected spacing of components within the proteadoundary and the HTEF boundary,
the minimum separation distance is anticipated to be approximatein.250

Section4.3illustrates the cost difference between this reduced separation option and the original
500-m spacing. Note, the location of the HTEF is highly dependent on aesdlit¢adol and on the location
of plant equipment, including the switchyard. Secbdhdiscusses siting limitations for the hydrogen
production faciliy.

Detaled costbreakdowns fotheintegrating a PWR with a 100IW nom HTEF with standoff distances
of 250 andb00m can be foundl[9; Attachment L]. Appendix provides a detailed cost breakdown for
500MW om HTEF option located 5060 from the NPP. Appendi® illustrates potential site arrangements
for these options.

2.2 Major Equipment Required for Preconceptual Design

Equipment sizing is presented in the following sections based dhetreal and electrical analyses
discussed in Sectisr2.1.2and2.1.3 along with analyses included ippendice< throughG. As a site
specific project moves into thietailed design phase, the considerations for final pipe sizingpeaitibn
of major equipment would be evaluated with a focus on constructability and overall integration cost.

Further design optimization relatedtt@ delivered temperature and pressoir¢the steam extracted
from the NPP can be performed based on thespigeific requirements to enable the least cost of the NPP
auxiliary equipment and connection commodities. Additionally;siecific research into the location of
the hydrogen plant wh respect to the NPP may provide avenues for cost optimization through the
reduction of electrical transmission, steam piping, and demineraliater commodities. Continued
optimization of this preconceptual design could drive further cost reductions.

2.2.1 Reboiler Sizing

Performance parameters for the steam reboiler are determined using the PEPSE analysis provided in
AppendixC. Sizing information for input to reboiler vendors is provided considerinl®@&, thermal
powerextraction inTable6. Notethat the parameters Table6 are at the connections to/from the
reboiler.
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Table6. Reboiler sizing parameters for-BBNw power extraction.

Connection Location Mass Flow Rate Temperature Pressure
Steam Supply from Cold Reheat | 85,238 | lbm/hr 364 °F 161 psia
Drain to Main Condenser 85,238 | lbm/hr 120 °F by Vendor
DemineralizeeMvater Supply 73,777 | lbm/hr 60 °F 140 psia
E;ec"i"l?yS“pp'y to #Production 73,777 | lom/hr | 350 °F 120 | psia

2.2.2  Piping and Reboiler -Feed-Pump Sizing Summar y

Adding thehydrogen production facility to the existing NPP requires sizing of the various pipelines,
which is performed based on the l#®%V, thermal extraction. Steam pipe sizes are determined in
AppendixesD andE. Waterpipe sizes are determined ippendixesF andG. Additionally, the reboiler
feed pump is sized, and the reboiler dredmtrolvalve conditions are determined.

The results of pipe sizing are summarized as follows:
1 Extraction steam piping to thexiglant steam reboileAppendix D

Pipe ste of 10in., standard thickness (S)8chedule carbostee| 240ft long was modeled,
resulting in a maximum steam velocity of ~1f2@er second (ft/sec). Design pressure of g&ig and
design temperature of 400°F were selected to envelop the steaitiooend

1 Process steam piping to the HTEppendixE)

Pipe size of 12n., STD-schedulecarbon steel, 175 long was modeled from the steam boiler to the
H> plant, resulting in a maximum steam velocity of ~#3€c. Design pressure of 1p6ig and
desgn temperature of 400°F were selected to envelop the steam conditions.

1 Reboiler feedwater pump and pipinfgppendix B

For the pump discharge, a pipe size ofia.5STD-schedulecarbon steel, 24fd long was modeled,
resulting in a maximum water velocity of approximated/ft/sec. In the actual design, stainless steel
wasused. Later refinement of this design reduced this pipe length tfh ¢&€er toRef. [19,
Attachment]). Design pressure of 253ig and design temperature of 150°F were selected to
envelop the water conditionscluding an additional 50% in puniread rise to shutoff conditis.

For the pump suction, aifd. pipe size (one size larger than the discharge to lower suction velocity
was selected TD-schedulecarbon steel, 46 long was modeled, and it resulted in a maximum
water velocity of approximately 6f/sec. Stainlesdeel was used in the actual design. Design
pressure of 5@sig and design temperature of 150°F were selected to envelop the water conditions.

1 Pump size

Pump sizing is based on the nominal flow rate of 14jp/® and the nominal carbon steel pipe
characteriscs, resulting in a required pump total developed head of approximatefy, 8&Quiring
approximately 1&p.

¢ Drain piping from the reboiler to the main condengemendixG)

The drainpipe size of 3.8n., STD-schedulecarbon steel, 22fd long was moeled, resulting in a
maximum water velocity of approximately St6sec. In the actual design, stainless steel was used.
Design pressure of 2(Qfsig and design temperature of 400°F were selected to envelop the drain
conditions.
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1 Drain controlvalve size
Thedrain controlvalve sizing results in the following requirements:

- Drain flow: 85,238lbm/hr (~172gpm)
- Valve differential pressure:155.7psid
- Valve inlet pressure: ~158&ia.

Note that due to a very high valve differential pressure, there is @bightial for valve flashing and
cavitation; therefore, a sevedeaty drain control valve should be considered for this application and
for an internal baffle plate to protect condenser internals.

2.2.3 Demineralized -Water Storage Requirement

Onsite storage ofainineralized water provides reserve capacity for periods when supply flow from
the H facility RO system is unavailable. The appropriate onsite capacity of stored demineralized water is
at the discretion of plant engineering and management to ensureiedntiperation during maintenance
evolutions, for example. This decision would likely considelde¢hgthof time that the HTEF is expected
to be in usetheexpected availability of the RO water supply, and upfront costs associated with
installation of adrge storage tank. The size (and therefore capacity) of the tank may also be limited by
the available space near thedttam reboiler, where a tank could be located. For this preconceptual
design, a reserve capacity of 110,@@llons was choseAppendixC shows that a demineralizedater
flowrate of approximately 15§pm is required to generate the desired steam flow to the HTEF.
Therefore, a storage tank of 110,@f0lons would provide reserve capacity for approximateély 8
12 hours of continuous operati. A tank of this size could be approximatelyf@#H diameter and
30+t tall.

2.2.4  Major Equipment Lis t

The major equipment required to implement the preconceptual modification as described in this
report is summarized ihable7. This listing is not intended to be-aticlusive but to provide a higtevel
understanding of the major equipment needed in the design. Dependingspesific design and
configuration additional commaoditie® such as tubing, smdtlore piping, cable, and conddiimust also
be considered. Materials needed for piping supports, transmission towers, among others are also excluded
from this equipment lisbut are included in theost estimate in ppendixl.

Table7. Major equipment needed f@O0MW nom integrationdesign.

No. Item Quantity Description/Notes
1 | Steam Reboiler 1 Refer to Sectiod.3.1for sizing
2 | Drain Cooler 1 information
3 | Steam Drum Tank 1 Approximately 4ft diameter
4 | Drain Receiver 1 Approximately 2ft diameter
5 | DemineralizeeWater Storage Tank 1 10,000gallon capacity
6 | Reboiler Feed Dump 1 150 gpmat 380ft TDH (@18 hp)
7 | 8-in. Steam Dispatch AiDperated EV 1 0
8 | 1G-in. Non-Return Valve 1 0
9 | 10-in. Steam Manual Isolation Valves 3 Double isolation from crossunder
pipe andsolation at reboiler
10 | 3.5in. Air-Operated Level Control Valve 1 Refer to Sectio2.2.2for design
conditions
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No.

Iltem

Quantity

Description/Notes

11

2.5in. Air-Operated Level Control Valve

1

Refer to Sectio2.2.2for design
conditions

12 | 1Gin. Self-Contained Backpressure 1 o}
Regulating Valve
13 | 12-in. Steam Manual Isolatiovalves 3 Isolation at reboiler and
upstream/downstean
14 | 10-in. CarbonSteel Piping with Fittings ~240ft. | Schedule STD
15 | 12-in. CarbonSteel Piping with Fittings ~1800ft. | Schedule STD
16 | 2.5in. Stainless Steel Piping with Fittings | ~50ft. | Schedule STD
17 | 3in.-Stainless Steel Piping with Fittings ~40ft. | Schedule STD
18 | 3.5in.-Stainless Steel Piping with Fittings | ~220ft. | Schedule STD
19 | 3in.-HDPE Piping with Fittings ~1800ft, | Schedule 40
Electrical
1 | 345kV MOD Switch 2 45 KA short circuit
2 | 345kV high-Voltage Circuit Breaker 1 45 KA short circuit
3 | Transmission Towers for 348/ Line 6 o
4 | Coupling Capacitor Voltage Transformer 3 345kV/120V
5 | Protective Relay 50BF 1 0
6 | Breaker Failure Lockout relay 86BF 1 o
7 | Line-Differential Protection Relay 4111/87 2 0
8 | Line-Differential Protection Relay 311L/87 2 0
9 | Line-Differential Lockout Relay 86 1 0
10 | Revenue Meter 3 o
11 | 795kcmil Drake ACSR with OPGW Shield 1600 m | o

Wire
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3. 500 MWnom HTEF DESIGN AND EQUIPMENT

Note: Text that is substantially different from the 100W,.m HTEF Design
and Equipment (Sectio) is marked withitalics.

3.1 Design
3.1.1  Description of Modification

Similar to the 100MW nom preconceptual design, process steam from the crossunderdheft)
piping of the MS systemwill be extracted for the 500AW nom design.Given the larger volume of steam
needed, extraction is taken from two crossunder lines, one on each side of the HP turbine, to avoid
turbine imbalances. Manual isolation is provided for both carbtael lines at the tap lation before the
lines combine into a common header inside the TB. After routing out of the building, the header branches
into two lines to supply the steam to the HTEF in two independent, identical reboiler loops. Each line is
equipped with a station instment air controlled=CV before passing into the respective steam reboiler.
The FCVs are used to admit cold reheat steam to the HTEF during operation and to isolate the steam
supply when the HTEF is not in operation. Isolation of the steam supply isnpedfthrough manual
operation of the FCVs during the normal HTEF shutdown sequence or can occur automatically in the
event of a turbine trip. During a turbine trip, an interlock tied to the turbine trip logic will isolate the air
supply to the HTEF steampply FCVs, causing the valves to close and isolate the steam supply to the
HTEF. This isolation function is desirable due to the use of cold reheat steam as the supply to the HTEF.
When a turbine trip occurs, this steam supply is no longer availabléefcira@ysis. Isolating the steam
supply supports the shutdown of the HTEF. Turbine trip logic is discussed further in Appendix K

The P&ID provided in Apendix Ashows the arrangement of steam extraction for thisN®@Gom
design.The twoindependent loops help to improve gradual startup of the system, reduce pipe sizing, and
enable partial hydrogen production during system maintenance. Using a single reboiler loop would
require larger, moreexpensive equipment while increasing the poteftiraoperating issues associated
with startup and shutdown transients of the NPP and HTEF.

The layout of the HSS equipment is the same as for thV0R HTEF design.

The 345kV transmission line (kfeeder) and other electrical equipment for the HTERéntical to
that of the 200MWom HTEF design. A conceptual site plan showing the interfaces between the HTEF
and the NPP is providdd Ref.[19, Attachment U.

3.1.2  Mechanical Design
3121 Selection of NPP steam-dispatch locatio n

The heatalance diagramiacluded inAppendixC illustratethe expected plant operating conditions
when considering station operation without thermal extraction and station operation w05
extraction to the HTEF. As previously noted, it is expected that only approximatel\1@are
required by the HTERhile the remaining B1W areextracted to account for thermal losses and
potential inefficiencies in the HSS system.

The design conditions for the 18BN extraction system are the same as for thm®b, dispatch
design, except as noted below.

3122 Selecti on of NPP drain-return locatio n

The preferred location selected to return the condensed drain flow is at the main condenser. The
rationale is the same as for thel?%V, dispatch design.
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3.1.23

A PEPSEheatbalance model of eeferenced-loop Wedinghouse PWR NPP was used to determine
the impact on the plant considering various levels of thermal extraction. The analysis methodology and
approach are the same as for2beMW 1, dispatch design. AppendX provides heabalance drawings
showing the impact to the NPP considering-M& powerextraction levels. Tabl€-2 in Appendix C
provides the station impact to significant parameters throughout the power cycle, considefiy 405
power extraction.

Thermal analysis

3.1.24  Impacton plant hazards
Impact is the ame as for the 2BIW, dispatch design.
3.1.25  Evaluation of plant transient s

The methodology and approach for the evaluation of plants transients are the same as for the
105MW+ dispatch design. PEP3$tatbalance diagramslown inAppendixC) are developed to
evaluate the impact of extracting steam from the nuclear power cycle to supply thermal energy to a
reboiler urit used to preheat process steam fopkbduction.Table8 provides a summary of the
important parameters for the 28BN+, extraction. Note that only parameters exhibiting some degree of
change are shown. Other values, such as most system temperatures, show virtually no change. Additional
details are presented irppendixC.

Table8. Summary of important system parameters for 88, extraction.

Extraction Level Tot al
Parameter Unit 0 MWy, 105 MW, Trains
ReactorThermal Power MW 3659 3659 o)
Generator Output MW 1239.6 1217.2 -22.47TMWe
Main Stream Flow Mib/hr 16.28 16.28 0.00%
Cold-Reheat Flow Mib/hr 12.73 12.70 -0.20%
105MW Thermal Extraction Flow Ib/hr 0 355,193 0
E:g\:\?cted Steam Fraction of CaeREheat % 0 280 2 80%
Remaining Steam to MSRs Mlb/hr 12.73 12.35 -2.99%
Hot-Reheat Flow Mib/hr 11.26 10.90 -3.18%
Heater Drain Forward Temperature °F 339.7 337.0 -2.7°F
HP FWH Cascading Drain Flow Mib/hr 1.39 1.38 -0.92%
LP FWH Cascading Drain Flow Mlb/hr 2.42 2.37 -1.72%
Heater Drain Tank Pressure psia 185.5 179.5 -6.0psi

NOTE: Cascading drain conditions are averaged. IndiviéidH drain lines may have higher variations in conditions.
Changes from 0 to 108W1 are calculateth Microsoft Excel. There may be slight differences due to truncation of
values when entering the values in the table.
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As displayed ifTable8, the 105MWi, extraction from cold reheat requires 355,1Bar
(~177,597b/hr per train) of steam; this corresponds to approximately 2.80% (1.4% per train) of total
cold-reheat flow. Normisstartup of the HTEF involves startup of one reboiler train at a time, which
requires opening of the steagmtraction line from cold reheat to the reboiler unit. This operation diverts
a small portion, approximately 1.4% (for one train), of the total @¢elteat flow and reduces the hot
reheat flow to the lowpressure (LP) turbines by approximately 1.6% (for one train). These changes result
in a 22.4MW; (11.2MW per train) reduction in main generator output, which represents approximately
1.8% of the tal generator output.

It is alsonoted that the extraction of steam from the cycles, as described in this report, is
operationally similar to a LP turbine bypass. Plants are typically designed with approximately 25% or
more turbinebypass capabilityand plant transients are already analyzed with turbine bypass greater
than the level of steam extraction described. Similarly, for normal shutdwttiGg one reboiler train
at a time) of the bplant, the changes are relatively small and should not cause a significant burden on
the existing plant operation. Only during an unexpected event, suotabless of power to the HTEF,
coulda transientinvolving the shutdown of two reboiler trains at the same time be expecedver,
even under this event, the impact on the nuclear plant is not of significant concern. Nuclear plant
response to this type of transient is described in the next section.

3.1.26 Impacton core reactivity

The impact on core reactivity associated with extracting steam from the secondary cycle must be
assessed for any plaspecific modification as described within this report. Based on 2.8% of secondary
mass flow extraction, reactiyiimpacts are not anticipated to be insignificdtiwwever, even sudden
perturbations resulting from events at the HTEF should not exceed the capabilities of the normal NPP
controlssystem response. From a mechanibasign perspective, the largest imptcthe NPP would
come from an event in the HSS. An event that suddenly halts the HSS would impact the iN&ihar a
similar to a loadrejection event. That is, a loss of HTEF steam demand would result in a plant-control
systems responsémilar to that which occurs when there is a loss of generator load. In the case of a ~3%
load rejection, the NPP radontrol system should provide ample control capability to prevent the need
for any protective functions to actuate or the need for any immediate opectitorsa Operators would
follow their indications to take actions appropriately using alarm response or other plant operating
procedures. In the case of a steline break in the HSS piping, there is no discernible difference from a
break in other areas of steam piping in the NPP. If a break occurs, the automated and operator responses
will be the same as they would be for another steam break somewhere in teealiARystems. The
HTEF steam piping will be equipped with isolation valves that will enable isolation of the HSS system
and continued operation of the NP&s witha loss of HTEF steam demand, operators would follow their
indications to take actions apprdately using an alarm response or other plant operating procedures.

3.1.3  Electrical Design

The HTEF require500MW. power for the electrolysis process and approxima@ely\w. for
auxiliary loads. Using a power factor of 0.92 BWFEF processes, the total wer required for by the
HTEF is600MVA. Spacing between the electrolyzers and NPP equipment is approximatkig; 0.5
therefore, power is supplied from the NPP via a-B4Sransmission line spanning the plant separation.

3131 Selection of NPP electrical -dispatc h location

The methodology and approach for the evaluation of plant transients is the same as for the
100MW,om HTEF, except as noted below. The electrglaysical layout diagram iAppendixB
illustrates the preferred electrical systemitigoint, whidhisthe highv ol t age si de of t he
GSU transformer for thB00 MW nom HTEF.
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3.1.32  Electrical design and equipment within the NPP boundary

The design and equipment for the 30W om HTEF is identical to the 1001Wnom HTEF, except as
noted below.

The 345kVt r ansmi ssion | ine wil!.| be tapped to the | i1
high-voltage bushing and the switchyard. Thettdnsmission line routes over a transmission tower to a
345kV circuit breaker and its two MOD switches for line protecaod maintenance. PTs will be
installed between the MOD switchandthehiglh | t age breaker for new | ineds
equipment is in the NPP protected area or yard area, depending on available space in the protected area.
For a plantseparation disnce of 500n, the H transmission line will be routed over six more
transmission towers to reach the HTEF area.

At the HTEF, there are two twweinding stepdown transformsirated for 34kV-delta/34.5kV-wye,
190/253/306 MVAONAN/ONAF/ONAF, 9% nominal impedance-K. The 34.5kV windings are
resistancgrounded. Within the kHplant are nine twavinding stepdown transformeirated for 34.%V-
delta/13.&V-wye, 42/56/70 MVA ONAN/ONAF/ONAF, 7.5% nominal impedanceXt84.5kV/
13.8kV to supply power at the 1318/ level to the H electrolyzers. The equipment at the HTEF is part
of the HTEF design and is outside the scope of this reporR&e@ 9, AttachmentV] for the H
transmissiorine electricalphysical layout.

3.1.33 Transmission -line control and protection
Control and protection ardéntical to that the 2000W,om HTEF design.
3.1.3.4  Power requirements for hydrogen steam supply equipment
Power requirements ardanticalto the 100MW nom HTEF design.
3.1.35  Switchyard arrangement and offsite power
Switchyard arrangements and offsite power deaiicalto the L00MW ,om HTEF design.
3.1.3.6  Electrical short-circuit and load-flow/voltage -drop analysis

The design and analysis for the 3@W..m HTEF design is identical to & of thel00MW ,om HTEF
design, except as noted below. BHiepdown transformesupplying the HTEF is specified as a
two-winding unit to supply 50MW_. to the HTEF plus 1®6 additional capacity for auxiliary loads.

A shortcircuit analysis was performed in ETAP to determine estimated equipmentiboitt
ratings and aid in sizing the HTEEepdown transformefhe HTEFstepdown transformsmwere
modeled a490/253/306MVA ONAN/ONAF/ONAF twondingtransformers. The higholtage winding
is connected in delta and the mediuvpitage winding is connected in wye. The skortuit analysis
model shows that 8% nominal impedance between theXivindings(with £7.5% tolerance) othe
190MVA self-cooled base of the secondary windings allows for thel46kA 34.5kV circuit breaker
and 40kA 13.8kV mediumvoltage switchgear at the HTEF.

Similar to the 10eMWom HTEF,anETAP model shows thahé¢ addition of the HTEF has a
negligible impact on the existing NPP equipment. The analysis and results for t\6EEIHTEF
design is identical to the 100W..m HTEF design, except as noted below.

The loadflow analysis shows th&16 MVAtop rating of he HTEFstepdown transformsiis
sufficient to carrying the full load of the HTEF. The voltage drop across tHa®Highvoltage
transmission line is not significarior the 500MWh.m HTEF, a tweconductor bundle, such as a
2-1113kcmil Bluejay ACSR drigher, based on common transmission practices in the area, is
recommended based on the line thermal loading.
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The voltagedrop analysis performed with the ETAP model shows that the hydilgatstepdown
transformeidoes not require an doad tapchanger if the transmission voltage is maintained within
approximately a +2.5% bandwidtRer NUGO001, this applies to NPPs that operate per a voltage schedule
and to NPPs that require strict voltage regulation for offgiteer (assuming the offsifwersource is
supplied from the same location in the transmission system).

3.1.3.7  Protective relaying design

The design is @arly identical to the 1001W,,m HTEF designTable9 shows the required trip logic
for different fault locations following electrical tia of the hydrogen plant.

Table9. Electrical fault condition trip logic.

H. Breaker Failure Trip
Fault Lacation Initial Trip Device Device
Existing highvoltage | Existing highvoltage switchyard circuit None
line and line tap to breakers
new highvoltage Generator circuit breaker (if equipped)
circuit breaker New highvoltage circuitoreaker
New highvoltage line | New highvoltage circuit breaker Existing highvoltage
toHTEF New highvoltagestepdown transformer switchyard circuit breakers
circuit breaker Generator circuit breaker
(if equipped)
HTEF transformer New highvoltagestepdown transformer New highvoltage circuit
circuit breaker inside thezHsland breaker
34.5kV circuit breakers in th&dTEF
13.8kV breakers in thedTEF

NOTE: SameasTable4 for 100MWnom HTEF designexcept for the addition of the last two lines.

3.1.3.8  Electrical -transient analysis

Sensitivity analysis shows that the HTEF load can be increased up to the maximunpoargyu
rating of the generator without causing the generator to become unstable following a trip of the
high-voltage transmission line feeding the HTEF, either with or without a fault. Thizdsdhe design
being considered for the 500W,.m HTEF. Note hat this model is based on typical plant and
transmission system data, which may not be representative of the available capacity for all plants.

3.1.3.9  Bulk electric system regulatory impacts

Similar to the 100MW nom design, the higivoltage transmission line splying the HTEF is classified
as a BES element because the line is connected to a radial system with a generator that has a gross
individuaknameplate rating of greater thanM¥A and a voltage of 10@V or above. The BES
classification subjects the transmission line and connected fadiliéigs, circuit breakers, disconnect
switches, instrument transformers, and protective rélagscompliance with NERC Reliability
StandardsTable4 provides a summary of the applicable NERC Reliability Standards. Note that the NPP
is already subjected to the following standards.
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3.1.4 Instrumentation and Controls  Design
3141 Operator -control capabilitie s

The operatecontrol capabilities for this 56MW ,om design are identical to those capabilities
described in the design for the 10V ..m HTEF. Given the duplication of HSS equipment (e.g.,
reboilers, pumps, and tanks), equiprgpecific controls will need to be duplicated in this area based on
the new equipment. A single HMI can still be used inntia@n control roonfor indication and cotrol of
steamsupply and electricgtansmission equipment.

3.1.4.2  Available process parameters for monitorin g
Available processing parameters for monitoring are identical to thé/¥3g,, design.
3.1.4.3  Response to faulted conditions

Overall response to faulted condits is similar to the 186MW nom design, with differences as noted
below.

Extractionsteam leak taeboile® Response depends on the severity and locatitmeddéak. With
two trains of reboilers, the leak could be isolated to the affected atlmiwing the second train to
operate. HTEF steam supply would be halved. If the leak is locatbdtshoth trains must be isolated,
then H plant shutdown would occur. If isolation is not possiblmanual trip of the plant NPP would
occur,which issimilar to the response to an unisable MS line leak. The addition of a remote manual
(motor or airoperated valve) at the extraction point would allowtf@online construction of parts of
the stearmextraction line and would facilitate positive isadett in the event of a steam leak in the steam
extraction line. Steafisolation transients are described in this report

1 Process steam leak to HT&RVith two separate trains pfocesssteam, it may be possible to isolate
the affected train. The leak could solated to the affected train, allowing the second train to operate.
HTEF steam supply would be halved. This transient is described in the transient section of this report.
The generator would pick up load from the affected train and the grid woulddbsadditional
load.

1 Reboiler drain valve fails clos&dThis should not occusecauséhe valve is set to fail open
However, if this event were to occtinelevel would rise in the affected reboiler. Either the
extractionsteamsupply valve for the affcted train would close on hidtigh leve] or an emergency
dump valve would open tihelower level. It is recommended to have a dilaypass valve open on
high level and the steam line isoldtan highthigh level. The affected train could be isolated,
allowing the second train to operate. HTEF steam supply would be halved

1 Reboilerdrain valve fails oped The level in the affected reboiler would drop and steanid be
passed to the condenser. A lmvel switch should be implemented to close the stadmission
valve on lowlevel and drain valve open position. The affected train could be isolated, allowing the
second train to operate. HTEF steam supply would be halved
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1 Extractionsteam supply valve fails opénThis should not occusecausehe valve is set to fail
closed. However, if this event were to occur, the design pressure of both sides of the reboiler are

equal to or greater than the steam conditions. The amount of condensation would be controlled by the

demand from the HTEF. The camtsate level would be controlled by the condensate drain valves.
With normal operation of theeboilerfeed supply, the plant would continue to operate normally.

- Extraction steam supply valve fails cloeWith two trains ofextractionsteam supply and
rebdlers, a closed valve will only affect one trairhe level in the affected reboiler level would
fall; the condensate drain line woutthintainlevel by closing. One train gfocesssteam to the
H> plant would cease to flow. Steam flow to the LP turbiwesld increase by ~1.7%. The
closure of the steam line may start to increase the level in the steam generator. The feedwater

control system would reduce feedwater flow to match the reduced steam demand and stabilize the

level. The transient to the griddescribed belown the bnger term, the generator output could
be reduced to matdhegrid demand

- Rapid trip of HTEB Steam demand would ceasige procesdeed level on the hydrogeside of
the reboiler would increase, and the suppiter admission vaé would close in response. This
would remove cooling from the plaside of the reboileland steam condensation would
decrease. The condensate drain valve would close to maintairaledeheHSSgoing to the
reboiler would be rerouted to the LP turdsn Steam flow to the LP turbines would increase by
3.3%. The closure of the steam line would immediately start to increase thefldhaebkteam
generator. The feedwateontrol system would reduce feedwater flow to match the reduced
steam demand and bibize level. The transient to the grid is described belawhe bnger term,
the generator output could be reduced to match grid demand

- Short in highvoltage lin® Overcurrent protection, as discussed in this report, would trip the
HTEF, and the balanad the transient would be like the rapid trip of the HTEF.

- Open inhigh-voltage lind An open in the higlvoltage line would trip the HTEF and the NPP
would respond in the same manner as a rapid trip of the HTEF.
3.1.44  Design -attribute review

When performing aengineering change in accordance withERRIG-001, the responsible engineer
completes the DAR, which is a series of questions that aids in identifying impacted disciplines,
stakeholders, and programs. As part of the preconceptual design, a sample DABrhasrbpleted and
provided as ppendix JWhile this effort must be performed on a plamtdesignspecific basis when
performing a similar modification, the information is provided as an example to guide the process.

The following desigattributes are unigue to the 500Whom design.
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3.1.4.5 Electrical

f This conceptual design covers the installation okén®f 345kV transmission line between the
GSU transformer andplant. A 345kV high-voltage circuit breaker and two associated disconnect
switches, PTs, and transmissibn ne t ower wi | | be installed in
area, depending on the available space around the GSU transféndeaf the line, inside the HTEF
will have twostepdown transformeto step the power den from 345 to 34.8V. Each transformer
will have one 344V circuit breaker and two 34%&V disconnect switches. Also, two outdoor 3d\5
buses with nine 34-kV breakers, each connectedgiepdown transformewill step the power down
from 34.5kVto 13.8kV switchgears.

- The loadflow analysis demonstrates the change in the switchyard voltage due to the addition of
the 500-MW. electrical load plus auxiliaries is negligiblehus there is no impact to generator
VAR loading, which is controllebased on switchyard voltage.

- The loadflow analysis demonstrates the change in the switchyard voltage due to the addition of
the 500-MWk electrical load plus auxiliaries is negligible. Therefore, the status of gifsiter
voltage regulating devices istimpacted.

3.1.46  Mechanical

Mechanica considerations adenticalto the 100MW nom HTEF design.
3.1.4.7  Instrumentation and controls

I&C are dentical to the 20MW nom HTEF design.
3.1.4.8  Structural

Structural considerations amdentical to the 10MW om HTEF design.
3.1.4.9 Programs

Program considerations adentical to the 10MW,om HTEF design.
3.1.4.10 Stakeholders

Stakeholders areléntical to the 108W nom HTEF design.
3.1.5 Additional Design Options and Considerations
3.1.5.1  Additional circuit breaker

Developing sitespecific design criteria may include alternatives to the design proposed within this
report. Options for an additional circuit breaker, different piping materials, onsite RO, and net metering
are alldiscussed in reference to the MW ,.m HTEF design and are equally relevant for the BW om
design. Further alternate design options are described below.

3.1.5.2  Plate-and-frame reboiler option

The preconceptual design put forth in this section uses aatilbe styleheat exchanger as the
extradion steam reboiler. Other heat exchangers may also be used at the discretion of the plant.
Discussions with other vendors have revealed that a-platrame reboiler may provide an alternate
design solution. The platnd-frame design is more compactgpared to the kettistyle reboiler, but it
is at the expense of a mezemplex arrangement required through the addition of an external steam
drum. The cost of this option is comparable to the ketjlile shellandtube heat exchanger and should
be consilered during detailed design for a similar modification.

In Section2, a plateand-frame reboiler was provided for the 200W,om preconceptual design to
show its feasibilityThe contrasting complexity and size of these designs is illustrated through the
respective P&IDsind physical reboiler arrangemeim\ppendix A.
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3.1.5.3 Main steam extraction

Sectionb.4discusses in detail the limitations of cakheat extraction. Of notable importance is the
potential for imbalances and stresses on the turbines with large volumes ofiexteantt available
space within the TB for the routing of two-itd steam lines. Main steam extraction is a viable alternative
to the location used for this repofftable 10 highlights the benefits and drawbacks of both locations. The
improved efficiency of cold reheat is expected to make this option financially preferable at this scale, but
other factors, such as spatial availability and turbine loagstgpuld be considered in detail to determine
which extraction location is best for a given plant. Turbine manufacturers should be consulted to validate
conclusions of the site pfiendixC provides detailed thermal analysis of both extraction locations

Table10. Pros and cons of different extraction locations for-BIW om design.

Pros Cons
Cold Greatest plant efficiency Larger piping is more expensive and harder to rg
Reheat (+15.5MWe vs. main steam through the TB
Extraction | extraction) Reduced mass flow to LP turbines can cause we
Lower-temperature extraction | on the turbines and may nazk the life span of
than Main Steam can lower equipment

material and maintenance costg

Main Steam| Smaller piping is less expensivg Lower plant efficiency than colteheat extraction
Extraction | and easier to route through the | high-energy linebreakanalysis will be required du
B to steanctonditions

No turbine imbalances Higher temperature extraction requires more
resilient materials for piping and greater HSS
equipment costs

HP turbine operating pressure may drop below
minimum-pressure limit due to lower mass flow

Main steam and cold reheat are the best locations for steam extraction based on the steam properties.
Extracting steam too far upstream will resuliasses tglant efficiency by removing highuality steam
from the NPP power cycle. Extractions too far downstream provideguatity, lowenergy steam for
the HTEF, decreasing electrolyzer efficiency. It is anticipated that cold reheat will be the preferable
locationat low extraction leveld.g., 3% of mass flow).

3.1.5.4  Decreased separation between NPP and HTEF
The separation iglentical to the 10MW,om HTEF design.

3.2 Major Equipment Required for Preconceptual Design
The approacland methodology are identical to th@0 MW ,o.m HTEF design.

3.2.1 Reboiler Sizing

Performance parameters for the steam reboiler are determined udHteRB€& analysis provided in
Appendk C. Sizing information for input to reboiler vendors is provided consideringV\d&, thermal
power extraction iMable1l. Note that the parametersTiablel1 are at the connections to/from the
reboiler.

Tablell Reboiler sizing parameters for 288N power extraction.

Connection Location Mass Flow Rate Temperature Pressure
Steam Supply from ColReheat | 355,193 | Ibm/hr | ~360 °F ~154 psia
Drain to Main Condenser 355,193 | Ibm/hr 120 °F by Vendor
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DemineralizeeWater Supply 306,980 | Ibm/hr 60 °F 140 psia
Steam Supply tliTEF 306,980 | Ibm/hr 350 °F 120 psia

3.2.2  Piping and Reboiler -Feed-Pump Sizing Summary

Adding the hydrogen production facility to the existing NPP requires sizing the various pipelines,
which isperformed based on the 28BN+, thermal extraction. Steaipe sizes are determined in
Ref. [19, Attachment B andRef. [19, Attachment €. Waterpipe sizes are determined in
Ref. [19, AttachmentD] andRef. [19, Attachment E In addition, the reboiler feed pump is sized and
reboiler draircontrol valve conditions are determined.

The results of pip sizing are summarized fdlows:
1 Extraction steam piping to thexidlant steam reboildRef. [19, Attachment N

Two 14in. pipes were connected to the co&heat pipes on either side of the HP turbine for
extraction. Each of these lines was S3@hedule carbon steel andfiong. These lines joined to a
20-in., STD-schedule carberteel header that was 200ong. After routing out of the TB, the header
once again split into two 1., STD-schedule carbesteel lines that spanned 2@ach until

reaching their respective steaaboilers. Maximum steam velocity was ~1f&8ec.Design pressure
of 250psig and design temperature of 400°F were selected to envelop the steam conditions.

1 Process steam piping to the HTREf. [19, Attachment Q.

Pipe size of 18n., STD-schedulecarbon steel and 17%0long was modeled from the steam boiler to
the HTEF, resulting in a maximum steam velocity of ~tB&ec. Design pressure of 1p8ig and
design temperature of 400°F were selected to envelop the steam conditions.

1 Reboiler feedwater pump and pipiRgf. [19, Attachment 0.

For the pump discharge, a pipe size ofi.5STD-schedulecarbon steel and 240long was
modeled, resulting in a maximum water velocity of approximatelfg/&6c Stainless steel piping
was used for the actual design, resulting in a conservative gurimg.Design pressure of 25i5ig
and design temperature of 150°F were selected to envelop the water conditions, including an
additional 50% in pump head rise to shutoff conditions.

For the pump suction,4in. pipe sizé one size larger than the discha to lower suction velocity
was selectadl of STD-schedulearbon steel and 40long was modeled, and it resulted in a
maximum water velocity of approximately7 ft/sec Stainless steel was used in the actual design,
resulting in a conservative pumpisig. Design pressure of §sig and design temperature of 150°F
were selected to envelop the water conditions.

1 Pump size

Pump sizing is based on theminal flow rate of 306.§pmand the nominal carbesteel pipe
characteristics, resulting in a requiraghp total developed head of approxima@y ft, requiring
approximately 36p.

¢ Drainpiping from the reboiler to the main condenBef. [19, Attachment

Thedrain-pipe size of 6n., STD-schedulecarbon steel and 2Z0long was modeled, resulting in a
maximum water velocity odipproximately Gt/sec In the actual design, stainless steel was used.
Design pressure of 2(Qisig and design tengpature of 400°F were selected to envelop the drain
conditions.

91 Drain controlvalve size

39



Drain controlvalve sizing results in the following requirements:

- Drain flow: 177,597bm/hr (~358.8 gpm)

- Valve differential pressure-1552.0psid

- Valve inlet pressie: ~154.1psia.

Note that due to a very high valve differential pressure, there is a high potential for valve #aghing

cavitation. Thereforap protect condenser interngdssevereaduty drain control valve and an internal
baffle plateshould be condered for this applicatian

3.2.3 Demineralized -Water Storage Requirement

Design considerations are similar to those for theM®d..nn HTEF design. For the purposes of this
preconceptual design, a reserve capacity of 11@a@D@as choserref. [19, Attachment A shows that a
demineralizedvater flowrate of approximate§10gpm per loops required to generate the desired
steam flow to t HTEF. Therefore, a storage tank of 110,680would provide reserve capacity for
approximately #6 hoursof continuous operation. A tank of this size is expected to be approximately
25ft in diameter and 3 tall.

3.2.4  Major Equipment List

The approach ancbnsiderations are similar to those for the M om HTEF design. The major
equipment required to implement the preconceptual modification as described in this report is
summarized irmable12.

Tablel2. Major equipment needed f600 MW nom integrationdesign.

No. Item Quantity Description/Notes
1 | Steam Reboiler 2 Refer to Sectiod.2.1for sizing
2 | Drain Cooler 2 information
3 | Drain Receiver 2 Approximately 3ft diameter
4 | DemineralizeeWater Storage Tank 2 10,000galloncapacity
. 310 gpmat 367ft TDH
5 | Reboiler Feed Dump 2 (approximateh86 hp)
12-in. Steam Dispatch AiDperated > 5
FCV
7 | 14-in. NonReturn Valve 2 o)
Double isolation at both crossunde
8 | 14-in. Steam Manual Isolation Valves 10 tie-ins, doubleasolation after header
branches, and isolation to reboiler
9 5-in. Air-Operated Level Control > Refer to Sectio.2.2for design
Valve conditions
10 3.5in. Air-Operated Level Control 5 Refer to Sectio.2.2for design
Valve conditions
14-in. Self-Contained Backpressure
11 . 2 o}
Regulating Valve
12 | 18in. Steam Manual Isolation Valves 6 Isolation at reboiler ano! .
upstream/downstream isolation PC
13 1_4r|_n. CarbonSteel Piping with ~120ft. Schedule 30
Fittings
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No. Item Quantity Description/Notes
14 1_E’r|_n. CarbonSteel Piping with ~3500ft. | Schedule STD
Fittings
15 2(_) in. CarbonSteel Piping with —~200ft. Schedule 20
Fittings
16 3._5_|n. Stainless Steel Piping with —480ft. Schedule STD
Fittings
17 4_|n_. Stainless Steel Piping with —80ft. Schedule STD
Fittings
18 5_|n_. Stainless Steel Piping with 440t Schedule STD
Fittings
19 | 3.5in. HDPE Piping with Fittings ~3600ft, | Schedule 40
Electrical
1 | 345kV, 306A MOD Switch 2 50 KA short circuit
5 345kV, 300A High-Voltage Circuit 1 50 KA short circuit
Breaker
3 | Steel Poles for 34kV line 6 Transmission line tower
CouplingCapacitor Voltage
4 Transformer (CCVT) 3 345kv/120v
5 | Protective Relay 50BF 1 o)
Communication System:
6 Cabinet NEMA 4X with meters and 1 5
auxiliary telecommunication for
revenue meters
A standalone HMI for control and
indications of the klpower line and
7 . ; 1 o}
steam supply, in themain control
room
8 | Breaker FailurdRelay (50BF) 1 o)
9 | Breaker Failure Lockourelay (86BF) 1 0
Line-Differential Protection Relay
101 4111 /87 3 :
Line-Differential Protection Relay
11 311L/87 3 :
12 | Line-Differential Lockout Relay 86 1 0
13 | Revenue Meter 3 0
1113 knmil Bluejay ACSR with Co
14 OPGW Shield Wire 3200 m | Transmission line cable outdoor
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4. PLANT INTEGRATION COST ESTIMATING

The development of an accurate cost estimate foickarintegrated hydrogeproduction facility
requires a detailed understanding of plant specifications, vendor price estimates, and indirect costs
associated with the project construction and development. For each of these general preconceptual
designsa cost estimate is developed for the integration activities within the scope of the NPP only; costs
associated with design and construction of the equipment inside the HTEF boundary are excluded from
these estimates. The Association for the AdvancemddbstiEngineering (AACE) has developed a
classification system for assessing the expected accuracy of cost estimaies. @Be Based on the
maturity level of projecd definition deliverables and the use of this report as a preconcegpidal these
cost estimates fall into Class Following the methodology described by this class, the accuracy of these
estimates is expected to vary betwegdo and +100%. The actual value depends on the risk and
suitability of assumptions associated with each cost item.-Bteatific studies are required to improve
these assumptions and increase estimated accuracy. Vendor estimates should be includetd on a pla
specific basis. The purpose of these estimates is to allow plant owners to understand the magnitude of
capital costs required for tidPPassociated modifications with pursuing a MW ,om and 500MW nom
HTEF addition. This study provides a quantifiable reference for engineering, installation, and turnover
andprocurement costs for a projectadimilar magnitude. This study can be used to inform plant
specific feasibility studies and assess the capéaéssary to pursue nucléategrated hydrogen at the
scale investigated.

4.1 Scope of Included Costs

These estimates aim to consider all costs associated with NPP modificatladed inTable7 and
Tablel2. A costanalysis breakdown was performed for each of the following activities:

1 HSS

1 Civil work (e.g., excavatin, disposal, backfill, and caisson)

1 Concrete work (e.g., foundation, embedment, formwork, and reinforcing)

1 Mechanical equipment (e.g., reboiler and demineralizatér storage tank)

1 Piping (e.g., abovground, buried, supports, valves, and insulation)

1 Electrical equipment (e.g., heat tracing, control panel, and transformer)

1 1&C

1 Steel supports

1 Electrical andransmissionine

1 Civil work (e.g., excavation, disposal, backfill, and caisson)

1 Concrete work (e.g., foundation, embedment, formwork, and reinforcing)

1 Switchyard (e.g., transmissidawer pole and hardware, breakers and disconnects, transformers,
andwiring)

1 Electrical equipment (e.g., revenue meter, grounding, and control panels)

 Cables and conduits

T HMI

1 Steel supports.
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4.1.1 Methodology

Estimates arbased on an engineer, procure, construction management (EPCM) multiple contract
approach. This approach has one main contractor, typically an architect/engineer firm to produce the
design, assist in the procurement of goods and services, and providaatmmstnanagemeniCM)
services during construction. The EPCM contractor generally acts as an agent for the owner when
purchasing such goods and services, meaning contr
letterhead.

These cost estimates ateveloped using a mix of semétailed unit costs with assembgvel line
items and detailed unit cestith forced detailedakeoff (i.e., detaileedtakeoff quantities generated from
preliminary drawings and incomplete design information). As such, dstigeates are generated using a
deterministic estimating method with many uriitst line items. These estimates were developed with a
factored approach using previous HTEF costs estimates and other relevant cost estimates as a basis.

Quantity developmernis dependent on threethod used to create the hitem estimate. Iltem
guantities are identified based on the major equipment identifiedble 7 and Table12, which was
determined through thermal and electrical analyses (see Stlo 2.1.3 3.1.2 and3.1.3.
Capacityfactored or equipmesfaictored cost estimates do not use quantities of materials for cost
estimation.

4.1.2 Cost Items

To further break down project costs, items were categorized into direct, indirecgraimtjency
costs; escalation costs were not included. Direct costs are those expenses directly tied to the construction
of HSS and electrical and transmission line equipment identified in S&clichTo support projeet
construction and labor efforts, indirect costs were also considered. A buffer for unanticipated issues is
covered through contingency costs. Each of these categodiescribed in greater detaiélow.

4.1.3 Direct Costs

The cost associated with the addition of new permanent equipment is broken down into five
subcategories: labor, materials, subcontract, construetjaipment, and processjuipment costs. The
cost of each item is made up of one or najreach of these costs.

4131 Labor

ConstructioAdlabor cost considers wage rates, installation hours, labor productivity, labor availability,
and construction indirect costs. Installation hours represent theHahos to install an item and
collectively all craft hours to install the entire scope of facilities. Labor productivity is evaluated based on
factors such as jobsite location, job position, and site congestion. A regional nuclear power labor
productivity multiplier of 1.6 is includetb account for the additional effort, oversight, and requirements
associated with work performed within an NPP in a congested area without radiation pratectian
portion of the workhat must bgerformed during an outage. This productivity factor theen developed
based on historical data and is dependent upon several factors, such as congestion, outaggagenon
activities, and the level of radiation protection. Installation hours are increased proportional to this
productivity factor. The labarvage rate was selected using the prevailing wage in Bloomintioois.
This data was obtained from ARS Means Labor Rates
have been added to cowncialSe cur i ty, wor ker 6 s c oempneunasca.t i on, and

4.1.32 Material

The pricing for permanently installed materials are based on S&buse data, vendor catalogs,
industry publications, and other related projects. Major material quantitideseebed inrable7 and
Tablel12.
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4133 Subcontract

Subcontract costs as defined within this estimateattinclusive costs. This means there are no
additional markups, such as general conditions, overheads, or other ioditgittictiorcosts associated
with the line item.

4134 Construction equipment

Constructiorequipment cost is included on each line itesineededased on the type of activity
and constructioequipment requirements to perform the work. This includes costs for rental of all
construction equipment, fuel, oil, and maintenance. Equipment operators are included in direct labor
costs.

4.1.3.5  Process equipment

Pricing for permanently installed equipment is based on S&lioimse data, vendor catalogs, industry
publications, and other related projects. Equipment pricing was reviewed to ensure that the following
criteria were addressed and taken into iaTation where necessary.

4.1.36 Indirect costs

All accompanying costs that do not result from the direct installation of NPP equipment to support
hydrogen production are considered indirect costs. These costs are categorized into additional labor costs,
site overhead, othendirectconstruction, anéhdirectprojectcosts

4.1.3.7  Additional labor costs

To support the labor associated with the construction and implementation of equipment, there are
several ancillary labor costs to consider. These includadtigional pay of labor supervisors beyond the
prevailing wage rate, sheup time, and overtime. The cost of overtime pay and extended hours caused
by worker inefficiency are includdaased ora 5Ghour work week (b10-hour days). Further overtime
andper diemcosts are not considered in this estimate.

4.1.38 Site overheads

To ensurghe smooth execution of the project, the following overheads are considered: construction
management, fieldffice expenses, material and quality control, material handling, saf@gyam
administration and personnel, temporary facilities, indirect craft labor, mobilizatemobilization,
and legal expenses.

4.1.39 Other construction indirect costs

Additional construction costs required include small tools and consumables, scaffodtiagig
liability insurance, construction equipment mobilizateorddemobilization, material freight, contractor
general and administrative (G&A) expenses, and contractor profit. The freight on process equipment and
sales tax are not considered in thigisec

4.1.3.10 Project indirect costs

Project indirect costs are required to ensure the project is carried out in a timely agddiigh
manner. Professional engineering and CM services are required to monitor project schedules, costs,
guality, safety, and scop8tartup and commissioning services provided the procedures and testing
necessary to ensure proper function of the systems prior to plant operation. Startup spare parts are also
included in this section. Excess liability insurance, indirect sales taxe owh s  ceagineeringa n d
procurementandcontractor firm (EPCjees are not included in this estimate.
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4.1.4  Contingency Costs

Based on project definitions, contingency costs are treated as separate line items and are described as
a percentage of costs asdebed belowA 50% contingencyvas used to account for a fist-a-kind
project type(all calculated at 50% of costs)

Laborcontingency costs
Materialcontingency costs
Subcontractontingency osts

Processquipment contingency costs

!
!
!
1 Constructiorequipment contingency costs
!
71 Indirectcontingencyproject costs

4.,

2 Excluded Items

These estimates represent only the costs contained above; the estimate does not include allowances
for any other costs not listed and incurred by the owkdditionally, the cost of the hydrogen facility
(and all equipment within the HTEF boundary) is not included.

There may be additional costs that the owner should consider. The following are some considerations:
Lost electricitygeneration revenue due tatiection steantbeyond those covered Trable14.

Financing

Licensing

Insurance

Owner staff and facility support

Safety incentives

Power consumption due temporary grid connection

il

il

il

il

ll

|l

|l

1 Per dienttravel expenses
1 Spare parts

1 Applicable taxes

1 Permitting

1 Plantstaff training

1 Legaloraccounting fees

1 Schedule acceleration or delay costs.

4.3 Nuclear -Hydrogen Integration Cost -Estimate Summary

A complete overview of the neddology and breakdown of cost estimating for the-W®nom and
500MWomintegration designs is provided Appendixl, which also includes a detailed breakdown of
the costs of the 56MWomintegration for a distance of 500 between the HTEF and the NRFtailed
cost breakdowns for the other cases can be fourk®jnThis section briefly summarizes key results. An
overview of the direct, indirect, amantingency costs for the 100W,,m and 500MW nom facilities are
provided below inTable13. The estimated total capital investment (TCI) for integathe NPP
hydrogen steam supply equipment and associated electrical infrastructure for k/1Q@esign with
a 500 m separation distance is close to $24&kWhile the corresponding 500W om integration
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modifications are estimated to cost $78/kMYBased on these estimates, the standardized cost of the
500MWom design is approximately orthird of the 200MW om design. This reduction can be explained
by the consolidation of equipment under the larger desigireduedmaterial and labor costs thi

respect to production capacity. Changing the number of piping trains, power lifregcbianical and
electrical)integration equipment for these designs will alter the capital cost of these modifications
accordingly. One potential cestduction straigy is to decreasthe separatiordistancebetween the NPP
and HTEF. This adjustment decresfe length of piping and power linaead has additionddenefits,
including reduced excavation and foundation costs, better efficiency (reduced thermal aiedlelectr
losses), and the potential utilization of smaller,-kegsensive equipment. Reducing thermal and electrical
separation by 50%, from 500 to 250m, is assumed to be physically feasible for some plants (additional
hazard analysis and licensing evaioiatis necessary to assess overall regulatory compliance but is not
considered within this studyJable13 shows an approximately 20% reduction in integration cost across
both designs by reducing plant separation. Another important point regaabtegl 3 is that the funds

set aside for contingencies are relatively large, roughly equal to the direct costs. Large contingency
budgets are appropriate for fist-a-kind installations. The contimgcy funds can likely be decreased by
50% or more for subsequent installations that follow similar engineering designs.

Table13. Installation ©st summary for integration of nuclear and hydrogen p(@022 USD).

Steam from
Steam from ColdReheat Main Steam
100MW nom 500 MW nom 500 MWhom
500m 250m 250 m 250m 250 m
Parameter separation| separation| separation| separation| separation
Direct costs
Steam direct cost ($MM) 6.12 4.28 11.7 8.95 8.95
Electric direct cost (SMM) 1.31 1.14 1.40 1.21 1.21
Total direct cost ($MM) 7.42 5.42 13.1 10.2 10.2
Indirect costs
Steam indirect cost ($MM) 7.49 5.78 11.6 8.84 8.84
Electric indirect cost (SMM) 1.49 1.37 1.49 1.37 1.37
Total indirect cost ($MM) 8.98 7.15 131 10.2 10.2
Contingency
Steam contingency ($MM) 6.78 4.92 11.7 8.92 8.92
Electric contingency ($MM) 1.42 1.28 1.42 1.28 1.28
Total contingency ($MM) 8.20 6.20 13.2 10.2 10.2
Total capital investment(TCI) for electric and thermal power coupling
TCI for steamintegration
($MM) 20.4 15.0 35.0 26.7 26.7
TCI for electricintegration
($MM) 4.21 3.79 4.31 3.86 3.86
TCI for all integration($MM) 24.6 19.0 39.0 30.6 30.6
Std. TCI per nominal HTEF size
($/KWoo m)p 246 190 78.1 61.2 61.2

a Direct costdnclude labor, materials, subcontracts, construction equipment, and process equipment.
b Indirect costs include additional labor, site overheads, other constructioracolsfsoject indirects.

It is helpful to compare the cost estimate3 atle13 with assumptions that have been made in
previous analyses that have estimated the costs of hydrogen production, assuming a similar production
configuration in whichaHTEF is coupled to a PWR. In a study by Wendt, Knighton, and Boardman [2],
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it was assumed that a 1,000 .m HTEF was coupled toreNPP at a distance ofkin. The direct capital
cost of the steardelivery system from the NPP wastienated to be $41.1 million, which is in good
agreement with the estimated cost presentdélole13, after accounting for differences in scale and
assumed steauttelivery distanceAs summarized in Table 14 samplified analysis was performed to
estimate operating cosissociatedecreased electricity sales from the PR to thermal power
extraction. All costs are reported in 2022 U.S. dollard,itis assumed that electricity sales price is
constant throughout tt0-yearlifetime of the system at $30/MWh (in 2022 USD), which operates with a
capacity factor of 95%iNot surprisingly operating cog associated witloss of PWR electripower

output due to thermgbowerdispatch to the HTEBominate the total costs for HTEFs that are
500MWomand larger.

As indicated inTable 3andTable8, the PWR electripoweroutput decreases by 38V, and
22.4MWe, respectively, for the 10MWomand 506MW nom HTEF cases. These values are lower than
estimated in the previous hydrogproduction cost study [2] because extracting steam from cold reheat in
the PWR has less impact on elecprioverproduction than removing steam from the main steam line, as
assumedh the previous work. The previous work assumedtti@teduction in electripowerproduction
was equal to the thermpbwerdelivery to the HTEF divided by the therntatelectric conversion
efficiency of the PWR, which would have corresponded tdv8/\. for the 100MW ,om HTEF case and
35.7MW, for 500MW nom HTEF caseAs noted inTable G2, extracting 10MW+, from the main steam
line caused the generator output to decrease byMBRK.9This result indicates extracting steam from the
main steam line causes an additional loss of WBMfrom the generator, compared to extiag the
needed steam from cold rehdaktracting steam from the cold reheat reduces the operating costs of
the thermal power dispatch system by approximately40% in each case, compared to extracting
steam from the main steam lineThe lowest standardizedcost of steam supply is associated with the
500MW nom HTEF case and is$8.46MW hy,, which exhibits a marked improvement comparedto
the estimate of$11.6/MWh, from [2]. For comparison, aimplified cost estimate was performed for a
case in which steam fgovided to the HTEF using an electric baoilEhe estimated standardized cost
of steam from an electric boiler was estimated to be greater than

Tablel4. Simplified totatlcost summary for integration of nuclear dnairogen plarg(2022 U.S.
dollars).

Steam from
Steam from Cold Reheat Main Steam
100 MW nom 500 MW nom 500 MWnom
500m 250m 250 m 250m 250 m
Parameter separation| separation| separation| separation| separation
Operating costsfor thermal power dispatch (does not include electric power coupling)
NPP power reduction (MWe) 5.3 5.3 22.4 22.4 37.9
20 Year lifetime operating cost
($MM) @ 26.5 26.5 112 112 189
Capital and operating costs for thermal powerdispatch
20 Yearlifetime total cost
($MM) 46.9 41.5 147 139 216
Standardized (std.)costsfor hydrogen production
Std. cost of heatdelivery
($/MWhi) 14.1 12.4 8.82 8.32 13.0
Std. Hz production cost
contribution ($/kg-H2) 0.10 0.09 0.065 0.061 0.10

a Assumes aelectricity sales price of $30/MWhe.
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$30/MWh,, which would contribute approximately $0.22 to the production cost of each kg of
hydrogen. Thus, the potential savings from thermally integrating an HTEF to a PWR is
approximately $0.16/kgH.

As noted, costs estimated in this study are for adirstkind installation with high contingency
budgetsSubsequent installations with similar designs may have substantially lower costs if
contingency costs can beeduced

4.3.1 HTE via Electrical Only with Electric Steam Boiler

For the purpaos ofredugng costs and modifications to the NPP, an additional case was considered
whereonly electrical power is delivered from the NPP to the HTEF. The steam extraction and delivery
system is replced by an electrical boiler that converts deionized or demineralized water to
high-temperature steam for use in the HTE proeesiprovidesthe electrical power required for
electrolysis. The initial costs associated with implementing this option aeetexiato be significantly
lower due to the amount of mechanical equipment that witlinginated Additionally, the equipment
listed inTable14 would either move fnm the NPP to the HTEF or be removed from the design as
described below.

For the 10eMWom Scale, this option was found to incur a miiver initial capital cost because the
HSS equipment used to supply thermal energy from the NPP was not needed fectitiisomly option.
However, lower efficiency for the electranly option would result in considerably higher operating
costs, which more than offsets the reduced capital costs. This same behavior is observedNbiVa,00
design.

Tablel15also shows simplified costs associated with replacing the theonadrextraction and
delivery system with an electric boiler located at the HTEF. The simplified analysis includes ditett cap
costs and annual inflation of 2%ut neglects financing and tax costs. The operating costs of the electric
boiler are much higher than the capital cost, which means the standardized cost is approximately
$25MWhy, for all cases, regardless of sepmmaidistance or HTEF nominal size. The standardized cost
of operating the electric boiler could be redubgdpproximately 10% by regenerative cooling of the
product stream to preheated to feedwater entering the electric boiler to 250°F. For an exaigsaomp
sites will need to conduct a formal evaluation of the relative performance between an electric reboiler and
a steam reboiler.

Tablel15. Equipment changes for electrical integration only.
Equipment Required Description

Reboler Yes The lack of steam input from the plant through the use of an
electric reboiler allows reboiler siting within the HTEF bounda
This allows for regenerative drain cooling. The electric reboils
is expected to be more expensive than its steam eeboil
counterpart and will require more maintenance for {mg

operation.
DemineralizeeWater No The demineralizegvater tank is intended to enable continued
Tank hydrogen production in the event the RO system is down for

maintenance. For thieason, it is recommended that a tank be
included and located within the HTEF boundary. Depending
the expected frequency of RO maintenance, it may be desirg
to remove the tank.
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InterfacePiping No In the absence of plasteam extraction, piping can be routed

between NPP and within the HTEF, from the RO system to the electric reboiler

HTEF subsequently the electrolyzers. This additionally reduces heg
pressure losses caused by pipe routing between the NPP an
HTEF.

Flow and Level No No thermalenergy transfer will occur between the NPP and

Contol Valves HTEF, removing any process control interface between the N
and HTEF.

4.4 Total Project Cost

According to the study by Wend€nighton, and Boardman [2], expecteaksts for the constrtion
cost of largescale HTE facilities are discussed. Adjusted for inflation (2022 U.S. dollars), the baseline
hydrogen facility balancef-plant equipment was expected to cost approximately $650/kWe DC ($1/kWe
DC is approximately equal to $1/kM for bath designs considered in this report), with e@stuction
strategies enabling facility costs as low as $350/kWe DC. Slight increases in standardized cost were
projected for facilities smaller than 280N DC; hence, it is expected that the BV nom desigy HTEF
balanceof-plant equipment would be more expensive than theN®d0,.m balanceof-plant equipment.

Total facility capital costs were projected to be between &,260/kWe DC for a 1,0001W. DC
hydrogen plant. Scaling these costs to the l00,.m and500-MW nom designs, the total project costs are
expected to be at the medittmhigh ends of that range. As with the balanéglant costs, the
standardized total project cost of the 20W n.m design is expected to be greater than the total project
cost d the 500MW om design.This is further supported by the larger standardized integration costs for
the 100MW om design (se@ablel3).

Based on thestimates of Sectioh.3, integration costs are expected to comprise approximadtely 5
20% of the total project cost for a 2Gihd 500MW om facility, although these values can change
considerably with different integtion designs and s#apecific conditions. Based on these estimates and
the conclusions of Bloom Energy [@] is expected that the addition of a SRIW ,om HTEF to an NPP
similar to the reference plant used in this stwiliyhave a lower dollaperkil owattnominal cost than
the addition of a 100MW nom hydrogen plant to a similar NPP.
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5. HYDROGEN PLANT CONSIDERATIONS
5.1 Maximum Achievable Electrical Diversion from Power Plant

An additional sensitivity analysis was performed to determine the maxjmourer that can be
transmitted radially from the NPP to a nearby HTEF without impacting the stability of the NPP generator
during a loss of load. The additional runs show that the HTEF load can be increased up to the maximum
outputpowerrating of the genator without causing the generator to become unstable following a trip of
the highvoltage transmission line feeding the pfant, either with or without a fault. Note that this model
is based on typical plant and transmisssgatem data, which may not tepresentative of the available
capacity for all plants.

5.2 Minimum Power Requirements for Hydrogen Facility

To protect soliebxide cells in the HTEF and prolong their lifespans, astamdby state should be
used when electricity is diverted from the HTBRHhe grid. During hot standby, the electrolyzers
maintain steadystate temperaturéut electrolysis temporarily halts. Sustaining hot standby requires a
small but nomegligible portion of the thermal and electrical power used for electrolysis. This
requrement depends on the specifications of the HTEF vendor. Alternatively, thegol&cells may
be allowed to cool; however, a small amount of electrical power and steam are consumed dcoiolg the
down process. Additionally, if freezing conditionsstxthe HTEF components must be thoroughly dried
or maintained at a temperature above freezing.

The NPP is expected to supply these minimum demands during normal plant operation while also
handling the transients associated with flexible operation of TieHdHowever, in the event of a faulted
condition, a loss of offsite power or reactor shutdown (e.g., planned owtag#d, HTEF shutdown may
be required. During unplanned events, one or more sources of emergency power (thermal and electrical)
will be nezded to ensure the electrolyzers are cooled without damage. The hydrogen vendor should work
with the NPP to ensure the necessary emergency power is provided to the HTEF in the event of a loss of
thermal or electrical power.

5.3 Hydrogen -Facility Siting

From aproject cost perspective, minimizing the spacing between the NPP and HTEF is ideal, as
shown in Sectiod.3. Nevertheless, there are several litiitas to the adjacent siting of the TB and the
HTEF. The primary limitations the explosion risk an HTEF presents to the safdgted systems,
structures, and components of the NPP. Depending on the size of the HTEF and the extent of its
protective meages, minimurrseparation requirements between the HTEF and NPP can be determined
by performing a hazard assessment. The size of the HTEF itself also poses limitasiting oAn HTEF
is anticipated to require an area on the order of half an acre pawattgominal. As aesult, it is
unli kely there will be sufficient space within th
pathways, plant structures, and topographic features inside of the OCA (but outside of the protected area)
may futher restrict the siting of the HTEF and increase the separation between plants.
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5.4 Thermal power Extraction

While cold reheat is preferable for this preconceptual ddsgausét maximizes plant efficiency,
there are several limitations. The first is pipating. Plants will need to find the space available to route
new extraction piping through the T&nd structural modifications may be needed to support these
additions. Of similar or greater importance are the effects of extraction on the main tufbintbe
500MWom design, a §si pressure reduction is observed at the discharge of the HP turbine relative to no
thermal extraction. This reduction in mass flow downstream of the HP turbine is expected to be within the
design margins of the equipment. However, with |alggrees of coldeheat extraction, there is a
potential for turbines to operate outside of their intended design capabilities; plants should work with
originalequipment manufacturers to ensure the turbtaeperform in accordance with their design
spedfications. Turbines should be evaluated for shaft imbalance, blade loading, and thrust verification.
Additional modifications can be implemented to ensure turbines operate within their intended design
capabilities. One such modification would be the ifetian of a control valve downstream of extraction
to maintain upstream pressures (at the HP turbine discharge). Alternatively, some plants already perform
cold-reheat extraction for equipment such as feedwater heaters. If the turbines are unable to handl
extraction for HTE, other extraction flows can be reduced or taken out of service to reduce turbine
imbalances. These changes would reduce plant effigieatynay still be the optimal solution for safe
operation from cost and efficiensyandpoints. Teliminate turbine stability concerns, extraction steam
could bedrawn from main steam; Sectidh1.5.3discusses the benefits and drawbacks ahetion from
main steam as opposed to cold reheat.
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6. CONCLUSIONS

This study develops a preconceptual design for the integration betweenscirk¢TEF and an
NPP. Two hydrogeffacility sizes are considered: 180N nomand 500MW ,om Both stearrsupply
designs use coldleheat steam extraction as a heat source. A reboiler inside the protected area of the
power plant transfers steam heat to the demineralizgdr supply for the hydrogen plant. After heat
transfer, the extracted steam condenses and retutims tondenser while the process steam routes out of
the protected area to the electrolyzers. Electrical power is tapped off from theotiggie side of the
GSU transformer, where it is then transported via ak34%ansmission line to the hydrogen facility.
Circuit breakers and disconnects are located at both ends of the transmission lidewstéansformers
and miscellaneous switchgear/buses are located at the end of the transmission line inside the HTEF
boundary. Control capabilities for the stednterfacing equipment and electrical dispatch are accessible
from themain control roomand protective relays for the transmission line are located insidelalye
room.

Computer modeling was performed for the tharand electrical designs. PEPSE analysis provided
the steadystate parameters for thermal extraction from the turbine cycle. These parameters were used to
inform transients and size equipment in combination wiT Arrow and AFT Fathom modeling for
stean and water piping, respectively. Electrical transients were analyzed using PSCAD. An ETAP model
was used to evaluate power flow and short circuit, which enabled the sizing of transformers and
protective equipment.

A cost estimate was developed for bottegration designs when considering plaeparation
distances of 25 and 500n. From these estimates, the modifications for thermal and electrical
interfacing of a firstof-a-kind nucleasintegrated hydrogen facility are anticipated to cost between $60
and 250/kWhom With a total project cost in thrange of $7501,250/kWom [7], integrationcosts account
for up to 20% of the total project co$the standardized cost of heat supplied fromNR&was found to
range from approximately8$s/MWhy, to $14/MWh. The estimated standardized cost of steam from an
electric boiler was estimated to be greater than $30/MWhich would contribute approximately $0.22
to the production cost of each kg of hydrogEnus, the potential savings from thermally integratirg
an HTEF to a PWR is approximately $0.16/keH». Standardized integration costs were shown to
decrease with larger hydrogen facilities and reduced separation distances.

Nuclear steam extraction can provide a profit avenue for many plants and is naerestritydrogen
production. Ammonia production, oil refining, and paper production, among other industrial processes
require thermal energhatcan be provided by NPPs. Future work should look at the details of thermal
extraction for a variety of use cases. This can include increased levels of extraction and multiple
simultaneous users. Additionally, sipecific studies should be performed &velop industry
experience and improve cost accuracy.
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Appendix A: Process and Instrumentation Diagrams
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FigureA-1. 100MWom P&ID.
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FigureA-2. 500MWom P&ID.
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